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ABSTRACT 
Drivers for sustainability have made it necessary for the construction industry to adapt 
its traditional processes to become both more efficient and produce less waste. 
Performance based design and specification in the UK for motorways and trunk roads 
permits a very flexible approach to pavement design, material selection and 
performance related testing aimed at utilising materials to their maximum potential. 
However, it is clear that within the emerging philosophy of using materials that are ‘fit 
for purpose’ there are many technical challenges for design and specification. There is a 
need to develop suitable methods of evaluating materials prior to their being used on 
site. This project was born out of this requirement, with a particular emphasis on coarse 
granular materials due to their common role in capping construction and also their 
unique difficulty for measurement under laboratory conditions due to their large range 
of particle size. 
A novel assessment test for coarse capping materials for roads that can be used to 
indicate their likely short-term in situ performance, under controlled laboratory 
conditions before construction on site, has been developed during this research 
programme. Key findings relating to the behaviour of coarse capping materials, the use 
of stiffness measuring devices and variables that influence the measurement of 
composite stiffness are discussed in detail. The research highlights the necessity for 
adequate drainage and protection of foundation materials against increase in water 
content. When adopting a performance specification the timing of the pavement 
assessment is critical, both on site and in the laboratory. The performance measured on 
site should perhaps only be considered as a ‘snapshot’ relating to the stress state in the 
material at the time of testing. 
KEY WORDS 
Innovative and recycled materials, roads and highways, sustainability, composite 
stiffness, dynamic plate test. 
iv 
PREFACE 
This thesis presents the research conducted from 2002 to 2007 to fulfil the requirements 
of an Engineering Doctorate (EngD) at the Centre for Innovative and Collaborative 
Engineering (CICE), Loughborough University, United Kingdom. The research 
programme was conducted within an industrial context and sponsored by the Highways 
Agency, which maintains, operates and improves the network of trunk roads and 
motorways in England on behalf of the Secretary of State for Transport. The research 
programme was also funded by the Engineering and Physical Sciences Research 
Council (EPSRC). 
The Engineering Doctorate is a four-year postgraduate award and the core of the degree 
is the solution of significant and challenging engineering problems within an industrial 
context. The EngD is a radical alternative to the traditional PhD, being better suited to 
the needs of industry, and providing a more vocationally orientated doctorate in 
engineering.  
The EngD is examined on the basis of a 20,000 word discourse supported by 
publications and technical reports. This discourse is supported by three journal papers, 
two conference papers and an industry standard test protocol. It is to be read in 
conjunction with the appended papers and test protocol providing a discourse of the 
research with in-depth technical detail presented in the academic papers. The papers are 
referenced within the text and highlight the sections within the papers to be read to 
provide further clarification. 
vUSED ACRONYMS / ABBREVIATIONS  
6F1  Classification for fine graded capping material sourced from site 
6F2  Classification for coarse graded capping material sourced from site 
θ  Bulk stress (KPa) 
A    Plate rigidity factor (π/2 assuming a rigid plate) 
CBR  California Bearing Ratio 
CC  Correlation Coefficient 
COV  Coefficient of Variance 
d    Deflection (mm) 
DMRB Design Manual for Roads and Bridges 
E  Modulus of elasticity (MPa) 
E1   Resilient stiffness of layer 1 (MPa) 
ELWD   Composite Stiffness Modulus derived by the LWD (MPa) 
εv  Verticle compressive strains of layer 1 
FWD  Falling Weight Deflectometer 
GDP  German Dynamic Plate 
H1  Thickness of Layer 1 (mm) 
k1 and k2  Material constants related to stress-strain relationship 
KPa  Equivalent to KN/m2
LWD  LightWeight Deflectometer 
MCHW Manual of Contract Documents for Highway Works 
MPa  Equivalent to MN/m2 
Mr   Resilient Modulus (MPa) 
msa  Million standard axles 
owc  Optimum water content 
P    Applied stress (kPa) 
r    Plate radius (m) 
σv  Vertical compressive stress at top of layer 2 (KPa) 
TRL  Transport Research Laboratory 
R2  Coefficient of determination 
ν  Poisson’s ratio 
ν1  Poisson’s ratio of layer 1 
vi 
wc  Water content 
WRAP  Waste and Resources Action Programme 
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CHAPTER 1 INTRODUCTION 
1.1 Sustainability in the Pavement Industry 
Over the past 20 years, the construction industry has been forced to adapt its methods of 
design, specification and construction to achieve sustainability targets imposed by the 
government. GBDEFRA (2005) describes sustainable development as enabling all 
people throughout the world to satisfy their basic needs and enjoy a better quality of 
life, without compromising the quality of life of future generations. Therefore in the 
context of this project, sustainability can be defined as the duty to conserve resources 
and the environment for future generations whilst maintaining a quality of life. At 
present in the UK, over 200 million tonnes of rock material are quarried every year for 
use as aggregates, cement and other building materials (Glass, 2005). The Waste and 
Resources Action Programme (WRAP) was created to support the Government’s aim of 
increasing the use of recycled aggregates in England to 60 million tonnes per annum by 
2011. Taxes on primary quarried aggregates and waste disposal to landfill have been 
introduced to promote the reuse of resources. The highway sector, in particular the 
Highways Agency, has and continues to respond to this requirement through the 
development of new standards and guidance, and of particular interest is the move 
toward design methods that utilise the performance related parameters of the constituent 
materials. An earthworks balance is performed at the design stage to maximise materials 
resource efficiency by the optimum use of site won material, reducing the need to bring 
new materials onto site from distance and unnecessary removal of material from site. In 
general the material from an area of cut is used in areas of fill and this process greatly 
minimises aspects of environmental impact, transportation requirements and costs. In 
addition, much new guidance is available concerning the permissible range of recycled 
or marginal materials that should be assessed and potentially included into a scheme. 
Much research has been carried out that is now emerging and being applied through 
these new documents, and this project has formed a part of that evolution.  
The previous advice in the Design Manual for Roads and Bridges (DMRB, 1994) aimed 
to provide a ‘standard foundation’ prescribing a capping and/or sub-base minimum 
thickness, based on the condition of the subgrade (as defined by its California Bearing 
2Ratio value). The guidance was largely based upon TRRL Report LR 1132 (Powell et 
al., 1984). It intrinsically prescribed all foundations as both similar in performance and 
of adequate expected performance through the use of a method specification. Now 
twenty years later, reflecting the need to consider a wider range of materials in 
pavement design and construction, Nunn (2004) published TRL Report TRL615 which 
embodied a more versatile approach to flexible and flexible composite pavement design. 
Nunn (2004) proposed to categorise foundations into four classes described by their 
composite stiffness. This approach permitted variations in the bound upper layer design 
thickness depending on the foundation stiffness and forecasted traffic loading, which 
was a significant step forward. In 2006, the Highways Agency published Interim 
Advice Note 73 (IAN, 2006) providing detailed design guidance for the four classes of 
road foundations based on their performance. This included a new performance based 
specification prescribing field compliance testing for assurance of ‘performance’ 
designs. Thus, the pavement designer now has the opportunity to integrate the 
foundation and upper pavement design and gain the potential benefits.  However, it can 
be argued that the more sophisticated methods and guidance emerging requires greater 
materials testing and understanding of their fundamental properties than was previously 
necessary. This project was borne out of this requirement. 
1.2 Introduction to Thesis 
This Engineering Doctorate thesis presents the research undertaken to develop a routine 
laboratory performance test to evaluate the stiffness and rut susceptibility of coarse 
granular capping materials for roads. This introduction chapter presents background 
information about pavement design and specification setting the scene for this research 
theme. The industrial sponsor’s place within the highways industry and its motives for 
supporting the project are described. The aim and objectives are then identified. The 
justification and scope of the research is then described and the structure of the thesis 
explained. 
The thesis is to be read in conjunction with the appended papers and test protocol. The 
thesis provides a discourse of the research with in-depth, technical detail presented in 
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the academic papers. The papers are referenced within the text and highlight the 
sections in the paper to be read to provide further clarification. 
1.3 Pavement Structure and Materials 
The pavement structure is made up of a pavement foundation and either bituminous 
upper layers in flexible pavements (Figure 1.1) or cement-bound upper layers in rigid 
pavements. The pavement foundation must provide resistance to permanent deformation 
and adequate stiffness, both during construction (short-term) and during service (long-
term). It must have adequate resistance to permanent deformation (of individual layers 
and when combined) to prevent the accumulation of excessive permanent strain within 
the foundation itself. It must also reduce the applied stress transmitted to the subgrade 
preventing excessive deformation in this lowest, and usually weakest, layer. The 
materials used must offer sufficient resistance to resilient deformation (stiffness) to 
enable subsequent layers to be adequately compacted onto the foundation.  
4Construction (a) In Service (b) 
                     Design                  Compliance 
                                         Assessment
                 Wheel Load               Plate Test 
                    (40KN)                      (7.1KN) 
Design 
Wheel Load 
(40KN)                      
Upper Pavement
(Bituminous layers) 
Subbase,   H, E 
Capping,     H, E 
(Confined) Pavement Foundation 
(Unbound layers) 
Subgrade Subgrade 
Soil properties 
(Foundation) 
Key Properties: 
CBR 
wc 
εs/g 
California Bearing Ratio (%) 
Water content (%) 
Vertical subgrade strain 
Granular material 
properties 
(Foundation)
d0 
Ecomp
ρ 
wc 
Surface Deflection (microns) 
Composite foundation stiffness (MPa) 
Layer dry density (Mg/m3) 
Water content (%) 
Bituminous 
properties 
(Upper Pavement) 
 
εbase Horizontal tensile asphalt base strain 
Generic Properties 
E 
H 
ν
Layer stiffness modulus (MPa) 
Layer thickness (mm)  
Poisson’s ratio 
Figure 1.1: Pavement foundation structure during construction and in-service, showing 
the failure mechanisms used for design in accordance to IAN (2006). 
In the long-term the foundation must also possess sufficient stiffness to prevent 
excessive resilient deformation under repeated loading that can lead to (premature) 
flexural fatigue cracking of the bound layers above. Furthermore the foundation layers 
εs/g  (Design)
d0
εbase (Design)
Zone of 
Significant 
stress
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must be protected from, and be able to withstand environmental and climatic effects 
(during construction and whilst in service) to varying degrees, depending on site 
location. 
The road foundation typically comprises the (often natural soil) subgrade and unbound 
granular or cement/hydraulically bound layers, comprising a capping layer (if needed) 
and the sub-base layer. The capping layer may be included to provide a construction 
platform for poor subgrade conditions. Capping is a relatively low cost granular fill 
material that is site won or more often imported (MCHW, 2005a). Stabilised subgrade, 
using lime, cement or both, can form the capping layer. The grading criteria for both 
fine capping (6F1 and 6F4) and for coarse capping (6F2 and 6F5) are presented in 
Figure 1.2. The grading envelope for capping materials is wider than for sub-base, to 
permit a greater choice of ‘site won’ materials, and as a consequence the material’s 
performance may be more variable. Capping materials also can contain a significant 
proportion of larger particle sizes than a Type 1 sub-base (up to, but passing a 125mm 
sized sieve) which are too large for most conventional laboratory test methods. Sub-
base material is normally an imported crushed rock that is well graded, good quality, 
granular material and the sub-base was regarded as a structural layer within previous 
foundation design guidance (HD 25/94). It is also a regulating course upon which to 
compact the (more costly) bound structural layers. Material characteristics that are 
specified (MCHW, 2005b) for capping and sub-base materials include grading criterion, 
particle strength and durability (e.g. resistance to breakdown). Secondary and recycled 
materials that can be used as capping or subbase are proposed in the current design 
guidance (DMRB, 2004). In addition to the performance requirements stipulated within 
the highways specifications, materials must also comply with environmental agency 
standards to prevent the use of environmentally harmful and hazardous materials.  
Typical flexible pavement layer thicknesses for UK pavements are presented in Table 
1.1. Factors that control the design thickness of layers within the pavement related to 
material behaviour include; subgrade strength/stiffness, foundation material stiffness, 
plus the stress and strains transmitted to weaker/sensitive layers below. Other factors 
that control the design thickness of layers within the pavement include; resistance to 
trafficking and the likely level of construction traffic, design traffic (long-term), the 
6protection of frost susceptible materials (i.e. 450mm cover), to counter differential 
settlement in earthwork materials below, level requirements (e.g. regulating layers), and 
practical laying thickness (often a minimum based on particle size and compaction 
efficiency). 
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Figure 1.2: The sample particle size distribution  
envelope for capping (MCDHW, 2005a). 
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8Table 1.1: Typical layer thickness limits for new flexible pavements in the UK.
 Typical 
Thickness 
Limts (mm) 
Layer Description Lower Upper 
Combined Bituminous Layer(s) 100 450 
Subbase Layer 150 300 
Capping Layer 150 600 
1.4 Pavement Design 
The design of flexible pavements was based on practical observations and experience 
from the UK highway network, which has included a number of experimental sections 
over the past 50 years or more. The empirical pavement design approach was based on 
the TRL Report LR1132 (Powell et al, 1984). The foundation layer thickness (i.e. 
subbase with or without capping) required to limit the vertical stress transmitted to the 
subgrade (Figure 1.1) resulting from a ‘standard axle’ load was prescribed based on the 
subgrade’s California Bearing Ratio (CBR). The DMRB (1994) presented a chart to 
determine the thickness of subbase required (with or without capping) to achieve a 
‘standard’ foundation upon the subgrade CBR encountered on site or predicted for the 
likely soil and conditions during construction. The predicted subgrade CBR could be 
determined based on its Plasticity index (PI) from charts based on the work of Black 
and Lister (1979) (although assumes great deal from a simple index test, thus risky) or 
from CBR tests in the laboratory on remoulded material sample taken from site. In the 
field in situ CBR was measured directly or inferred from Dynamic Cone Penetrometer 
(DCP) testing. 
Design requirements limited the choice of material, and hence the specific category of 
material allowed and its specification. For example, a Type 2 material should not be 
used in a pavement with design traffic of more than 20 million standard axles (msa). 
This approach assumed, however, that any material that complies with the material 
classification requirements will achieve a similar (minimum) level of performance, 
though this approach has in general provided a well established and trusted method. 
Relatively simple index properties were developed to give some guarantee (e.g. an 
abrasion test for durability) of how the materials will behave. However, this empirically 
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based design approach and method specification (Appendix A: Paper 1) does not 
necessarily utilise the materials to their full potential because it restricts the choice of 
materials and construction methods that can be employed. In addition, the ‘risk’ lies 
with the designer and specifier. Transferring more risk from the client to the constructor 
was an aim for the UK Highways Agency.  
Geotechnical engineering aspects of pavement design and construction are likely to rank 
as the highest risk to the designer, who will often find themselves at the bottom of a 
large contractual chain where the risk is often passed down (Jarvis and Gilbert, 2003). 
The ground conditions along a route are often one of the biggest uncertainties (often due 
to aspects of infrequent boreholes or the potential for changes in the ground conditions 
once exposed or reworked).  
Mechanistic-empirical design is considered an improved design method (over empirical 
design) as it considers the fundamental mechanical properties of the pavement 
materials. The key material design parameters (e.g. Brown, 1996 and Ullidtz, 2002) 
include the layer elastic characteristics (for load spreading), the modulus of elasticity 
(E), Poisson’s ratio (v), and the layer thicknesses.  Stresses and strains are calculated 
simultaneously at key locations (Figure 1.1) in a proposed pavement structure and are 
related by empirical means to critical failure conditions. According to Powel et al. 
(1984) the critical strains considered were the horizontal tensile strain at the base of the 
bituminous layer and vertical compressive strain at the top of the subgrade, for a 
flexible pavement. That design advice was followed until very recently. In that 
approach, the most critical (i.e. worst) condition of the two was used in pavement 
design to selected materials and layer thickness. The more recent design guidance 
(DMRB, 2006) prescribes that the pavement design is performed in two stages. In the 
first stage, the foundation is designed to both support the upper pavement and to carry 
the site’s construction traffic, and for this a composite stiffness (at the foundation 
surface) and a maximum (predicted) subgrade strain to avoid damage, are required. In 
the second stage, the foundation’s long-term (predicted) elastic properties (i.e. when 
confined by the overlying bound layers, see Figure 1.1) are used in the analytical model, 
and the critical tensile strain failure condition at the base of the bituminous layer is used 
to adjust the design thickness of the upper pavement structure (for the expected in-
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service traffic). Brown (1996) suggested that a general approach for analytical design 
must include: 
1.  A consideration of the loading and environmental conditions the pavement 
materials are to experience. 
2.  Information on material types and layer thicknesses within the structure. 
3.  An analysis of the structure using the relevant mechanical properties of the 
materials. 
4.  A comparison of the critical design stresses and strains (see Figure 1.1) assessed 
from the analysis relative to those which the materials can safely withstand (this 
step currently relies on empirical relationships between strains and fatigue 
caused by the repeat loading of trafficking). 
5.  A re-analysis of the structure utilising an iterative process in order to optimise 
the  design. 
This change in design philosophy towards predicting and (checking) the mechanical 
properties of the materials used in the foundation (i.e. primarily step 3 above) requires a 
suitable means to measure material performance properties individually and/or together 
in a composite structure, both in the laboratory for design and in situ during 
construction to check that the design values have been achieved.  
This analytical design process allows, in principle, the optimisation of material 
properties for a ‘fit for purpose foundation’. However, it is important to account for risk 
within the design (e.g. for step 4 whereby several models exist, the simplest being linear 
elastic design but for which many assumptions are made) by applying factors of safety. 
To provide the necessary control of materials in this analytically-based design approach, 
a suitable specification is required to ensure good working practices on site; some form 
of compliance testing must be carried out to provide assurance that the field 
performance is adequate. As a result, a performance-based specification which specifies 
suitable test methods and target values for the four classes of foundation (in the 
laboratory and the field) is required. The development of a performance-based 
specification was undertaken by the Highways Agency, and this has led to the 
publication of the interim advice note, IAN 73/06, which includes both the new design 
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advice (essentially the new HD25) and also the relevant clauses to be inserted into the 
Manual of Contract Documents (i.e. MCDHW Volumes 1 and 2). As a consequence of 
the publication of IAN 73, there now exists a performance-based design and 
specification in the UK for motorways and trunk roads that permits a very flexible 
approach to pavement design, material selection and performance related testing. It aims 
to utilise materials to their maximum potential and, where possible, to potentially 
reduce the thickness of the more expensive, bound upper layers. 
1.5 Performance Specification and Design 
The recently introduced (February 2006) performance based design guidance and 
specification for pavement foundations (IAN 73/06) is a product of over 15 years 
research and development drawing together work from Loughborough University, The 
University of Birmingham, Scott Wilson Pavement Engineering, and the Transport 
Research Laboratory, amongst others and sponsored by the Highways Agency. Prior to 
the start of this Engineering Doctorate project the Highways Agency commissioned the 
development of a performance-based specification for capping and subgrade. Following 
on from implementation trials of the specification the Highways Agency commissioned 
this research project into the Novel Laboratory Assessment of (Road) Foundation 
(Capping) Materials, in 2002. The Highways Agency also commissioned the Transport 
Research Laboratory to develop an end-product specification for the subbase. The two 
performance specifications were brought together to create a unified pavement 
foundation design were the foundation materials were treated as structural layers, as the 
upper, bound layers have been for some time. This then led to the recent upgrading of 
HD 26/06 and IAN 73/06. The emphasis of the research projects was on ‘performance’ 
and ‘end product testing’, incorporating a desire to move away from empirical design 
inputs such as CBR to more meaningful material behaviour descriptors such as elastic 
modulus (often previously assumed from CBR for linear elastic design) and to better 
site quality assurance of likely performance.  
The new design guidance is based on a new classification for road pavement 
foundations that are separated into four classes of stiffness. Target and minimum 
surface stiffness values are specified for the short-term foundation conditions, to 
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achieve equivalent long-term foundation stiffness. The guidance presented two design 
approaches. The first allows a limited number of ‘Restricted Designs’ particularly for 
Foundation classes 2 and 3 for schemes of limited size (msa). These designs are 
conservative to cover the uncertainty in material performance and construction 
tolerances to provide minimum capping and/or subbase thicknesses for the subgrade 
condition (i.e. described by CBR or stiffness) and require less checking in the field. The 
second detailed approach is for ‘Performance Designs’ covering the four classes of 
foundations. The foundation is only considered acceptable when the constructed 
foundation achieves the target measure of constructed (short-term) performance; and as 
such field assessment of compliance with performance is required for stiffness, density 
etc. This approach recognises that not all materials within a particular category specified 
posses equal engineering properties of stiffness and strength. The designer is able to 
utilise design charts specifying minimum layer thicknesses, for a range of layer 
stiffnesses, for a range of subgrade conditions (defined by CBR or stiffness), to achieve 
the required Foundation Class. Analytical design using multi-layered, linear elastic 
models are also permitted to provide alternative design options. The designer must 
demonstrate that the foundation design criteria of subgrade strain, surface deflection 
(under a standard wheel load) and practical thickness limits are achieved. The short-
term (target) performance of the pavement foundation designed and specified in Table 
5.2 of IAN 73/06 feeds into the design of upper bound layer within HD 26/06 as an 
assumed long-term pavement foundation condition defined by the four foundation 
classes. Therefore the foundation value used within the design of the bound layer being 
equal to the intended foundation class (i.e. 50, 100, 200 or 400MPa foundation 
stiffness). This could then lead to potential savings in the thickness of upper layers. 
Within the performance-based design approach, as with the design approach described 
in Section 1.4, there is a need for pre-construction assessment of the expected material 
stiffness and strength to support the material selection and layer thicknesses to be 
adopted. Therefore methods for determining material performance (for design) are 
specified within IAN 73 (2006). Both laboratory element tests and demonstration areas 
are proposed therein to enable the constructor and the material supplier to ‘prove’ the 
expected performance of the materials and the design. 
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IAN 73 does not aim to provide guidance on the earthworks design below the pavement 
foundation, rather the foundation is designed based on the condition of the subgrade. 
There is scope for subgrade improvements, such as a capping layer or subgrade 
improvement, (Including removal of soft spots). However the design, specification and 
construction of the earthworks (e.g. cut and fill) are covered by other guidance (DMRB 
Vol 4, HA 44/91) and assumed to provide structural integrity to the pavement 
foundation. It must be noted however, that the pavement foundations performance will 
be influenced, to some extent, by the nature of the earthworks 
The performance specification described in IAN 73/06 is considered to be a radical 
change in the foundations design and from comments in seminars and conferences it 
appears that the industry considers it to be relatively complex. This anecdotal evidence 
would suggest that there is a level of confusion and uncertainty within the industry of 
how to use it, and what material stiffness to use. It has been suggested that published 
case studies would be useful for designers to follow so that they can start, with 
reassurance, to develop experience of the performance framework and gain confidence 
in the processes. The guidance is only in a draft format however, and future drafts are 
expected to refine the guidance and incorporate some of this viewpoint.  
The performance specification was developed to incorporate the standard proven 
materials and techniques. For example a foundation class two represents what was 
formally known as a ‘standard foundation’. The performance specification opens up the 
doors for new materials and techniques to be developed whilst retaining the aspects of 
what worked previously and learning from the experience gain over many years.
The risk is transferred to the constructor, potentially allowing more innovative solutions 
such as permitting a wider range of materials that can be demonstrated as ‘fit for 
purpose’. This change in approach also means there is: a period of learning new design 
methods; a requirement for more understanding of a material’s properties; and a need 
for more examples of where the ‘performance specification has been successful and 
why (i.e. case studies). 
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1.6 Context of Industrial Sponsor 
The Highways Agency maintains, operates and improves the network of trunk roads and 
motorways in England on behalf of the Secretary of State for Transport. The Highways 
Agency currently manages the network of 4,818 miles in England. It is responsible for 
issuing guidance for design, specification, construction and maintenance of all 
motorways and primary roads. The Highways Agency is committed to “implementing 
best practice and innovative solutions to improve service now and in the future” 
(Highways Agency, 2007a). As such, the Highways Agency supports and funds 
research in relevant areas including pavement design and specification which can either 
be implemented within, or used to inform, design guidance.  
All of the governments departments and their executive agencies are committed to 
producing Sustainable Development Action Plans in order to address and achieve the 
targets set out in ‘Sustainable Development’ (2005). The Highways Agency’s corporate 
and business plans highlight their responsibility ”to balance the need to travel with the 
need to contribute to a better quality of life for everyone – now and in the future” and an 
effort to integrate sustainability into all aspects of their business (Highways Agency, 
2007b). The Highways Agency’s impact on sustainable development is made through 
the construction and maintenance and running of the Strategic Road Network in 
England. Key areas of their business that impact the sustainable development in the 
context of this research project includes; the processes and materials used for 
construction and maintenance on the network; the use of natural resources such as  
aggregates; and the consideration of product lifecycles on their network (Highways 
Agency, 2007b). 
The Highways Agency is the client and funder for most major road schemes, and 
notwithstanding the many forms of procurement available, in the traditional client role it 
carries much of the risk for programme over runs and cost increases. However, the 
move towards performance based design (in upper layer as well as foundations) in 
recent years permits a greater proportion of risk to be carried by the 
designer/constructor.  
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1.7 Aim and Objectives  
It is clear that within the emerging philosophy of using materials that are ‘fit for 
purpose’ there are many technical challenges for design and specification. Furthermore, 
under the new regime of field compliance testing, and classes of foundation based on 
composite stiffness, there is a clear need to develop suitable methods for evaluating 
materials prior to them being used on site. This project was borne out of this 
requirement, with a particular emphasis on coarse granular materials due to their 
common use in capping construction and also a unique difficulty associated with their 
measurement in laboratory conditions, i.e. their large range of particle size (discussed in 
more detail in Chapters 2 and 3).  
1.7.1 Aim 
The overall aim of this research is to produce a routine laboratory test and interpretation 
procedure for determining the elastic stiffness, strength and suitability of coarse 
granular materials for pavement capping layers. 
1.7.2 Objectives 
1 To identify the key research questions. 
2 To review the current understanding of material behaviour and influences on the 
measurements of stiffness and strength for unbound granular materials in 
pavement foundations. 
3 To develop laboratory test apparatus, material preparation method(s) and test 
methodology(s) for the evaluation of ‘coarse capping’ materials. 
4 To assess a range of materials for their potential suitability and performance as a 
capping, using appropriate field data where practicable, and provide validation of 
the laboratory test procedure. 
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5 To deliver an industry (laboratory-based) standard for evaluation of coarse 
capping materials prior to construction to aid confidence in their selection. 
1.8 Research Justification and Scope 
1.8.1 Justification 
In response to the government’s sustainability targets a performance specification for 
road pavement foundations has been developed (and published in IAN 73/06). This 
approach was anticipated to facilitate the better use of a wider range of materials than 
previously permitted under the previous empirical design guidance and method 
specification framework. The performance specification increased the need for a better 
understanding of the behaviour of materials and performance parameters such as 
stiffness and strength of each individual material used (when adopting a performance 
design). A unique difficulty with capping materials, compared with other unbound 
granular materials of pavement foundations, is that they contain relatively large particles 
(up to 125mm). Conventional laboratory test methods are either too small or considered 
too complex (thus impractical, cumbersome, technically difficult, and expensive) to 
routinely assess a representative sample of coarse granular capping material. During 
implementation trials of a performance specification for subgrade and capping materials 
(Fleming et al., 2003) a need for the performance parameters of capping materials for 
design and type approval was identified, however with no suitable approach available 
for capping materials this left a gap in knowledge with regard to the behaviour (design 
inputs) of these materials. Without actual material information an assumed stiffness 
could be used (typically 80MPa), however this would not allow for optimisation of the 
design for stiffer or softer materials with risk of under performance from softer 
materials, which is rather a leap of faith. Therefore a simple, large scale test for capping 
materials (suitable to contain a representative sample) performed under controlled 
conditions is required to provide this information for design and ‘type approval’.
1.8.2 Scope 
This research is aimed at investigating unbound foundation materials only, with a bias 
towards coarse capping material evaluation.  The practical work is primarily laboratory 
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based with some fieldwork where practicable, to provide supporting data. Laboratory 
work offers greater control of experimental conditions relative to the field. The output 
of the research was aimed at providing a routine and economical method of assessing 
capping materials for use by the industry, and this goal shaped the level of complexity 
such that relatively easy replication of the methods proposed should be possible. 
In situ stiffness and strength measuring devices should ideally be used within the 
laboratory assessment test so that direct comparison between laboratory and field can be 
made. The investigation should include the key design and construction factors, i.e. 
increase in the layer thickness and post construction wetting and drying to assess the 
performance changes upon the coarse capping. 
1.9 Structure of the thesis  
The structure of the thesis is presented below, informing the reader of the content and 
purpose of each chapter of the thesis.  
Chapter 1 introduces the background, justification and context of the research 
undertaken. 
Chapter 2 reviews possible research methodologies, discusses those most relevant to 
use in this research project and describes how the project research philosophy and 
programme were developed.  
Chapter 3 reviews the behaviour of granular materials under loading and the methods 
of measuring their behaviour in a pavement foundation context. 
Chapter 4 comprises two parts; the first part describes the detailed practical 
methodology undertaken of this research programme; and the second part presents some 
key results with a discussion of the research observations. 
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Chapter 5 summarises the main findings of the research programme, and the 
implication of these findings upon the pavement industry and academia. It also reflects 
on the research quality and makes recommendations for future research.  
Appendices A-F present the five academic papers and the (draft) test protocol 
submitted as the key deliverable to the Highways Agency. In Chapters 2 to 5 direct 
reference is made to the relevant sections of the published research papers for further 
detail.  
1.10 Overview of the Published Research Papers 
The papers published from this research that support and are referred to within this 
thesis are presented in Table 1.2. The papers are identified by appendix, title, place of 
publication and include a brief description highlighting its main contribution to the 
project. The papers are presented in an order that both complements the research aim 
and objectives and tells the story of the research activities and developments.  
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Table 1.2 Published papers with a brief description of their main content. 
Ref. Title Journal/ 
Conference 
Description 
A
pp
en
di
x 
A
 
Pa
pe
r 1
 
Geotechnical 
specifications for 
sustainable 
infrastructure 
Journal of the 
Transportation 
Research Board. 
Transportation 
Research Record. 
(2006) 
This paper describes three methods  
for pavement foundation/earthwork 
specifications, and the development and 
implementation of a performance-based 
specification. 
A
pp
en
di
x 
B 
 
Pa
pe
r 2
 
In-situ assessment of 
stiffness modulus for 
highway 
foundations during 
construction 
9th International 
Conference on 
Asphalt 
Pavements.  
(2002) 
This paper reviews a number of field 
stiffness measuring devices, suitable for 
pavement foundation materials. It 
evaluates the key requirements for a 
suitable test, and discusses the suitability 
and limitations of the devices available, 
and the correlations between devices from 
a series of controlled field trials. 
A
pp
en
di
x 
C 
Pa
pe
r 3
 
A review of the 
Lightweight 
Deflectometer 
(LWD) for routine 
insitu assessment of 
pavement material 
stiffness 
Proceeding of the 
86th Annual 
Meeting of the 
Transportation 
Research Board. 
(2007), accepted 
for TRR 
This paper evaluates in detail use of the 
LWD as a stiffness measuring device. It 
presents experience gained from over five 
years of experimentation with the device 
and critically evaluates factors that can 
affect its accuracy for the measurement of 
composite stiffness. 
A
pp
en
di
x 
D
 
Pa
pe
r 4
 
Laboratory 
assessment of coarse 
granular road 
foundation materials 
Journal of the 
Transportation 
Research Board. 
Transportation 
Research Record. 
(2006) 
This key paper presents the development 
of the laboratory capping assessment test 
and presents findings from the laboratory 
programme, and field data to validate the 
laboratory test’s performance. 
A
pp
en
di
x 
E 
Pa
pe
r 5
 A material performance test for 
sustainable pavement 
foundation design 
The Proceedings 
of the ICE, 
Construction 
Materials. 
(2006) 
This paper describes the industrial context 
of the assessment test, discusses the 
implication of the test results and the 
test’s practicality for routine use within 
the industry. 
A
pp
en
di
x 
F 
Te
st
 P
ro
to
co
l Capping - Type 
approval test 
Highways 
Agency Final 
Report (2005) 
This document sets out the full test 
protocol suitable for (coarse) granular 
capping and unbound marginal/recycled 
materials. 
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CHAPTER 2 RESEARCH METHODOLOGY 
2.1 Introduction 
This chapter briefly reviews research methodologies and proposes the most suitable 
methods to adopt within this research project. The adopted methods are discussed 
including the research issues pertinent to this project. The use of each method is 
justified and the research philosophy is proposed.
2.2 Research Methodologies 
It is possible to categorise research methodologies into two types:  quantitative and 
qualitative research methods (Fellows, R. & Liu, A. 1999). The choice of methodology 
is dependent upon the nature of the research project, the aim of the project, and the type 
of information available (Fellows, R. & Liu, A. 1999). A brief description of the two 
methodologies is given with a view to justifying the methodology adopted within this 
research project.  
Quantitative research is deductive and it tests existing theories with the aim of proving 
or disproving them. It can test theories composed of variables, numerical measurements 
and can be analysed statistically in order to validate the theories. The methods deal well 
with large quantities of data and are fast at covering a wide scope of variables. 
Quantitative research is used to find facts about a concept, a question, or an attribute 
where factual evidence is collected and compared against theory. Quantitative research 
uses methods such as structured surveys, experimentation, research of secondary data 
and numerical methods (Brannen, 1992).  
Qualitative research is subjective and the methods aim to generate new theories and 
ideas. Information gathered can be classed as exploratory or attitudinal (Naoum, 2001). 
Explorative research is used when limited information is available. It is useful for 
diagnosing a situation, for screening alternative options, and for discovering new ideas. 
Attitudinal research subjectively evaluates the opinions, views and perspective of 
participants to a specific topic such as a variable or a question (Brannen, 1992). The 
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information gathered can later be quantified, however the approach used to obtain the 
information tends to value the information as qualitative. Methods commonly used 
include unstructured surveys (interviews and questionnaires) and action research 
(Brannen, 1992). 
It is possible to combine the methodologies, which is termed triangulation (Brannen, 
1992). Research projects will tend to have a bias to one of the two methodologies or 
utilise methods from both. In the context of this research project surveys were not 
thought to be the most efficient means to derive findings. Action research in the form of 
an industrial/academic workshop was considered as a means to establish whether there 
was a need for an assessment test for coarse capping materials and ascertain their needs 
to ensure the test could satisfy this. During the implementation of a performance 
specification for subgrade and capping Fleming et al. (2003) performed a workshop to 
explore the area of the laboratory characterization of capping. It was identified that 
ideally, a laboratory test was required, which would allow a producer or potential user 
to predict the materials performance in the field, possibly leading to the categorization 
of cappings for use in various types of highway scheme (from lightly trafficked to 
motorway). It was considered that existing literature on the requirement for an 
assessment test provided sufficient evidence that performing further workshops was 
unnecessary. Experimental research to develop, evaluate and validate an assessment test 
was considered the most suitable means to generate novel research. Research of 
secondary data and numerical methods was then used to provide supporting information 
to back up the experimental research. 
2.3 Research Philosophy 
2.3.1 Previous work on the measurement of pavement foundation material performance 
Chaddock and Brown (1995) used full-scale foundation trials of unbound materials to 
compare three (similar in principle) in situ stiffness measuring dynamic plate test 
devices. The foundation thickness and the materials used were varied, and the 
foundations were constructed onto clays of varying strengths at five sites. This provided 
a wide range of construction designs to evaluate the devices under realistic field 
conditions including; a natural subgrade, stress history, foundation constructed using 
Chapter 2: Research Methodology 
23
actual plant and environmental conditions. Frost (2000) also used field trials during 
implementation trials of a performance specification for subgrade and capping 
materials. Frost (2000) observed that the weather conditions greatly influenced the 
constructed properties of the materials over a period of several months, in particular 
variations in water content and freeze/thaw. Both studies were aimed at ‘real’ conditions 
and hence field trials were selected, but were also concluded to require large resources, 
a long time frame and offered difficulties in the level of control afforded to the state of 
the materials and changes that occurred due to weather and trafficking. 
Chaddock and Merril (2004) went on to perform pilot-scale trials of an end-product 
specification for sub-base. This approach allowed the used of a natural subgrade and 
construction with full scaled plant. This was performed to examine standard foundations 
under more controlled conditions than the field trials, and where the properties could be 
maintained more consistently over a long period of time. The foundation surface was 
not covered following construction and the water content decreased. Whilst the 
approach did offer control related to construction practise, trafficking and protections 
from precipitation, it highlighted the need to keep the foundation surface covered during 
assessment to maintain the water content.  
Tong and Baus (2005) performed full-scale cyclic and static plate loading tests in a 
large (4m2 by 3m deep) test pit to investigate the mechanical properties of unbound 
granular materials. Similarly, a very large (1.83m2 by 1.37m deep) rigid mould was 
used by Tingle and Jersey (2005) to evaluate cyclic plate load testing of unbound 
aggregate roads in the laboratory. A natural clay material was compacted within the 
mould to provide a natural subgrade layer upon which the granular foundation was 
constructed thus providing similar boundary conditions as found in situ. The methods 
adopted in this research for measuring stiffness did not directly compare with those used 
for in situ assessment however within IAN 73 (2006), although it did demonstrate an 
approach that could be developed to allow this. 
On a smaller scale of laboratory sample assessment cyclic load triaxial tests are widely 
used for determining resilient and permanent strain characteristics of unbound materials 
for roads. However the practical specimen diameter is controlled by the maximum 
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particle size of the sample. Sweere (1990) used a 400mm diameter sample size to test 
granular materials with large particle sizes in a repeated load triaxial test. This allows 
the material to be assessed under a variety of levels of confinement, which could 
represent the short-term and long-term condition. The method adopted in this research 
for measuring stiffness did not directly compare with those used for in situ assessment 
within IAN 73 (2006) however. 
2.3.2 Research Issues/Requirements 
The aim of this project was to produce a routine assessment test and interpretation 
procedure to determine the elastic stiffness, strength and suitability of coarse granular 
materials for pavement capping layers. The assessment test was required to be suitable 
for routine use to produce input data for design and material type approval. It needed to 
be of suitable size to contain coarse granular materials to ensure assessment of 
representative sized samples. It was decided that comparability was necessary between   
the laboratory and field conditions (e.g. water content, density, and stress state) thus 
sample preparation needed to replicate site practice. It was important that the method of 
measuring stiffness and strength in the laboratory was compatible with methods of 
measurement used on site for the assessment test’s findings to be accurate and  
indicative of potential field performance. 
The assessment test was required to be suitable to assess the key variables that affect the 
stiffness and strength of capping materials. Therefore a method to measure the: change 
in performance with increase in capping thickness; change in performance with change 
in water content; and stress sensitivity of the capping, was essential to determine the 
variability in performance of a capping sample. 
2.3.3 Proposed Test Solution. 
The review of relevant experimental research of material performance would suggest 
that although field trials provide realistic site conditions, including material preparation 
and construction, the level of control is relatively poor compared to the laboratory. 
Conversely, due to the large particle sizes within capping materials conventional 
laboratory element tests are too small to contain a representative sample. Larger 
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diameter element tests have been developed, however Sweere (1990) identified that 
their large size and complex set-up made them unsuitable for routine testing. Test pits, 
as used by Chadock and Merrill (2004), and large scale laboratory moulds as used by 
Tong and Baus (2005) remained suitable experimental methods to evaluate. 
2.4 Adopted Research Methodology 
2.4.1 Research Process 
The adopted research methodology was broken into three key methods. These include 
physical experimentation, numerical modelling and data analysis. These work tasks 
were in addition to the Literature review. The literature review gave focus to the project 
to help identify the most suitable path to follow in the research, in particular by 
reviewing the findings of previous research. The selected methods were discussed in 
relation to research issues, and their selection justified. 
A research map presented in Figure 2.1 shows where the research project fits within a 
new pavement foundation design framework that potentially allows a wider range of 
materials to be used. The map shows the logical progression of the project to produce 
the new test protocol. The map shows how each of the research methods adopted were 
used to achieve the objectives. Pavement foundation design based on material 
performance requires knowledge of unbound coarse granular materials potential 
performance parameters. The aim of this project was to develop a test to fulfil this need.  
Five objectives were identified to achieve the aim, key research questions were then 
generated from these objectives to target general work tasks to perform. Performing 
each work task led to an answer to the research questions that would achieve the 
objectives set out from the projects aim. Ultimately the project’s output would then feed 
back into the material design process providing material performance properties. The 
test protocol was then used after design, for type approval testing to assure the 
performance of the materials supplied.  
26
2.4.2 Physical Experimentation 
Physical experimentation represents, models, or investigates physical phenomena. An 
example is the construction of a scale model of a pavement, to test a new or alternative 
design, or alternative materials (Holt, 1998). Experiments may be performed in the field 
(e.g. in situ performance test) or in the laboratory (e.g. element test). Often research 
projects will utilise both field and laboratory techniques to provide a fuller picture of 
physical phenomenon. Whilst in situ testing provides a realistic understanding of 
conditions in the field, it provides much less control of key variables influencing the 
materials’ behaviour. Laboratory testing provides a more controlled environment in 
which the experiment can isolate the significance of certain required variables, from 
minimising the effect of others (EAL, 1997). Key factors that affect the behaviour and 
performance of granular materials (discussed in the literature review) include material 
type, water content, stress state, boundary conditions, and the method of measurement 
(Lekarp et al., 2000). 
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Figure 2.1 Research Map showing context of research and research process followed 
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Engineering measurements should be taken using suitable test methods and devices that 
take into account the key research issues and variables related to the object under 
investigation (EAL, 1997). For example, unbound granular foundation materials are 
stress sensitive, therefore tests aimed at measuring deflection whilst applying the 
appropriate stress expected during construction would replicate the stress conditions 
expected to be caused by a loaded haulage vehicle’s rolling wheel. Test devices should 
be calibrated regularly throughout the experimental work to ensure that the 
measurements made are consistent throughout the research. This helps to limit 
systematic errors in the results and ensure validity of the properties measured. The 
significance of these potential errors can be quantified within sensitivity analyses (EAL, 
1997). Repeatability of the measurement is another consideration and should be 
quantified (EAL, 1997). The laboratory test methodologies adopted for sample 
preparation and testing must therefore be carefully designed and rigorously followed to 
achieve the level of control and repeatability required. 
Often, once the experiment is designed, pilot studies are performed to ensure that the 
methodologies devised are workable, able to meet the research aim and to train the user 
(Holt, 1998). Experimentation can be time consuming to design, conduct, record, and 
analyse. However, it provides factual, reliable quantitative measurements of (actual) 
behaviour under rigorous procedures throughout the experimentation. Therefore the 
experimentation requires careful planning and design.  
Physical experimentation was used to develop and validate a large scale laboratory 
assessment test for capping materials, to measure the in situ performance of selected 
subgrade, capping and subbase materials in the field, to measure selected index 
properties of field samples in the laboratory, and to measure the performance of selected 
coarse granular materials (primarily capping) in the new laboratory assessment test. 
This approach would provide a suitable means to achieve Objectives 3 and 4 and answer 
the associated research questions. Further details of the physical experimentation 
performed can be found in Chapter 4 and Appendix B to D, Papers 2 to 4.
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2.4.3 Numerical Modelling 
Numerical models deal with quantitative data and aim to test a course of action, classify 
a design, or identify a best option from amongst a range of scenarios by numerical 
method rather than physical methods. Modelling can also be used to compare and 
confirm the analytical data produced against actual physical test data and vice versa. 
Models can be derived from first principles (analytical modelling) or by using 
relationships derived from physical experimentation (empirical modelling). Some 
models are a combination of both analytical and empirical methods: these are termed 
mechanistic-empirical models within this thesis (Ullidtz, 2002).  
An advantage of numerical modelling over physical experimentation is that it can 
permit the user to perform many more scenarios, potentially in less time, consuming 
fewer resources, whilst in a safer and more workable environment (Holt, 1998). This 
method can also be used to complement the physical test methods and support their 
findings. Numerical modelling was used to aid the selection of capping thickness used 
in the experimental work and to assess the base boundary condition required below the 
capping and its effects, in the laboratory work. This approach allowed a number of 
different scenarios to be modelled before the final solution was adopted, without having 
to perform a similar number of scenarios through physical experimentation, which 
would have been very time consuming. The final solution was validated by physical 
experimentation to prove the design achieved the desired result. This approach would 
support the physical experimentation to achieve Objectives 3 and 4. 
However, the ability to accurately represent real behaviour using numerical techniques 
is restricted by the level of understanding of the actual processes influencing the 
response, the parameters used to define this and measurement of these parameters 
(Ullidtz, 2002). Often complex models are required to describe behaviour, such as the 
resilient behaviour of granular material to applied load. The output data from models 
can only be as accurate as the input data, and increased complexity of models can cause 
the propagation of systematic errors. Models require calibration compared with actual 
experimental data/behaviour to validate their output (Ullidtz, 2002).  
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2.4.4 Data Analysis 
The test data must be analysed statistically in order to establish meaningful relationships 
and findings from the research. Raw test data must be processed for preliminary 
analysis so that comparisons between different tests or different materials in the 
laboratory and in the field can be compared and contrasted. Data analysis is a common 
method used within both quantitative and qualitative methodologies to interpret the 
information collected and manipulated to fit the research projects scope. This research 
produced vast amounts of physical test data which required careful detailed analysis; 
further details of the nature of this analysis can be found in Chapter 4.
2.5 Summary 
Comparison between laboratory results and the field measurements aim to validate the 
laboratory test developed. Therefore, if the field conditions are replicated in the 
laboratory and the performance measured is comparable to the field, the laboratory test 
will be fit for purpose. Careful control of the test conditions and test measurements is 
critical. 
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CHAPTER 3 LITERATURE REVIEW
3.1 Introduction 
This Chapter aims to review: the general behaviour of pavement materials under 
loading; the resilient and residual behaviour of granular materials; and reviews methods 
available for measuring the behaviour of granular materials, both in the laboratory and 
in situ. There is then a discussion of further issues relating to the assessment of granular 
materials including sample size, boundary effects and foundation saturation. 
UK Pavement design guidance has required changes over the past 20 years, since LR 
1132, reflecting the industries need to reuse and recycle materials and produce less 
waste to achieve the governments sustainable development targets. The Design Manual 
for Roads and Bridges (DMRB, Volume 7, Section 2) guidance HD 25/94 (DMRB, 
1994) aimed to provide a ‘standard foundation’ prescribing a capping and/or subbase 
minimum thickness, based on the condition of the subgrade defined by CBR. This 
guidance was based upon TRRL Report LR 1132 (Powell et al., 1984). Ten years later, 
reflecting the need to consider a wider range of materials in pavement design and 
construction, Nunn (2004) published TRL Report TRL615. The document titled 
‘Development of a more versatile approach to flexible and flexible composite pavement 
design’ proposed the use of four foundation classes. In 2006 the Highways Agency 
published an Interim Advice Note 73 (IAN, 2006) providing design guidance for road 
pavement foundation based on the ‘performance’ of foundations and constituent layers, 
this forming a new draft, DMRB HD 25. All materials that are to be used within the 
pavement foundation must be subjected to an environmental risk assessment to prevent  
hazards such as water course pollution from leachates.  
The ‘method’ based specification was restrictive and did not consider behaviour of 
individual materials. Materials could not be used to their full potential because the 
design and specifications limited how they were used (Appendix A: Paper 1). The CBR 
test is widely accepted to be non-fundamental in nature and does not replicate the 
behaviour of materials under repeated loading (Brown, 1996). The measure does not 
differentiate between stiffness and strength. Therefore, it is limited in application to any 
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material. Empirical design does not accommodate for the future design traffic greater 
than the 80msa. Technological limitations have also prevented routine in situ
performance assessment until recent developments in dynamic plate test devices 
(Appendix B: Paper 2). 
This research project follows on from the development and implementation trials of a 
performance specification for subgrade and capping materials, discussed in Appendix A 
(Paper 1). It was clear during trials on live road constructions that there existed a 
requirement to assess the performance properties of marginal or recycled (capping) 
materials with confidence before construction began. The potential for disputes on site 
over the adequacy of material delivered, if field stiffness modulus requirements are not 
achieved provides an additional requirement for new methods of material 
characterisation. In particular methods that can be used by material suppliers and at the 
‘site investigation/earthworks balance phases’ of the work to reduce the risk of poorly 
performing materials.  
European harmonisation of standards resulted in Series 800 of MCHW1 fully adopting 
the BS EN standards for unbound and Hydraulically Bound Mixtures (HBM) for use 
within pavement foundations in 2004. This permitted the use of aggregates on a ‘fit for 
purpose’ basis. The aggregates are considered based on performance rather than their 
source, which was the basis of the traditional empirical approach.  
The design guidance for pavement foundations tends to differ from country to country 
for a number of reasons which must be considered before attempting to compare one 
country’s standard against anothers. Differences must be considered, including  climate, 
geology, resources available for construction, topography, magnitude of trafficking 
related to transport requirements, government’s transport/environmental policies, and 
forms of contract relating to the ownership of risk, all of which will govern the nature of 
design guidance specified. For example, in Germany the primary consideration in 
designing the pavement foundation is to provide a (thick) frost resistant layer to protect 
the subgrade and other frost susceptible materials (Chaddock and Merrill, 2004). As a 
consequence a very thick foundation in constructed, and thus the road failure 
mechanisms are very different than in the UK. Dynamic plate tests are specified to 
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measure the in situ performance of the foundation to determine what Classification has 
been achieved in Germany. The contractor is responsible for failure to achieve a 
minimum stiffness at the top of the foundation, and is responsible for improving the 
subgrade to achieve that target (RStO 86, 1989). In French standards there are short-
term and long-term stiffness requirements for the foundation (LCPC & SETRA, 1987). 
The short-term stiffness criteria are associated with ensuring support of construction 
vehicles. The foundation is assigned to one of four long-term stiffness classes and 
pavement traffic classification. Much research work has been performed, over the last 
10 years to develop and introduce dynamic plate test devices into design guidance to 
measure the performance of constructed pavement foundations throughout Europe, the 
United States, and other countries. 
3.2 General Behaviour of Pavement Materials 
3.2.1 Loading 
In a well designed, completed pavement (long-term) the subgrade and granular 
materials are subjected to a large number of load applications at stress levels well below 
their shear strength (Brown, 1996). For example, Brunton and Akroyde (1990) found 
that the vertical stress transmitted to the surface of the subgrade over, an asphalt 
surfaced pavement was 15KPa. In a partially completed pavement (short-term) the 
granular layers are directly trafficked. The number of load applications is fewer but the 
stress levels are much higher. For example, Greenwood et al. (1992) found that the 
vertical stress transmitted to the surface of the subgrade, caused by a laden lorry 
trafficking the granular subbase, was 100KPa. The stress pulse time of a transient load 
increases in duration as the stress propagates through the material, (for example) so the 
stress pulse duration will be longer at the top of the subgrade than at the surface of the 
foundation (Barksdale, 1971). The load that the pavement layers sustain can be broken 
down into two elements: the stress applied and the number of passes of that applied 
stress. For design, these two elements have been simplified to the number of vehicle 
passes of a standard axle load. A standard axle is 80KN over 2 wheels, which gives a 
wheel load of 40KN spread over an assumed contact radius of 0.151m, or a contact 
stress of 560KPa (Powell et al., 1984). 
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3.2.2 Pavement Foundation Failure Mechanisms 
Traffic-related failure mechanisms relate to overstressing the subgrade and rutting of the 
foundation layers. Overstressing the subgrade can cause pore water pressures that 
weaken the subgrade. There are three modes of rutting: rutting within the aggregates 
alone; rutting within the subgrade alone (no thinning of unbound aggregate layers); and 
rutting within the aggregates and the subgrade. The third is the most realistic mode of 
failure because rutting is likely to occur in both layers, behaving as a composite 
structure (Thom, 1988). 
Non-traffic-related failure mechanisms relate to the effects of environmental 
degradation including precipitation, evaporation, and the effects of freeze thaw. An 
exposed foundation surface (short-term) and poor drainage (short-term and long-term) 
increases the chance of excess water building up in the subbase, capping and subgrade 
(Croney and Croney, 1997). Increased water content in granular materials causes 
positive pore water pressure which reduces inter-particle contact forces. Conversely a 
decrease in water content causes negative pore water pressure which increases inter-
particle contact forces (Lekarp et al., 2000). The extent of this effect is dependent on the 
particle size distribution of the material, in particular the percentage fines content. Well 
graded materials with a high percentage of fines (that fill the voids between the larger 
particles) are more water susceptible than uniformly graded materials that allow water 
to drain freely (Raad et al., 1992s). Jorenby and Hicks (1986) found that as clayey fines 
(<63um) were added to a crushed aggregate the stiffness (as measured in a triaxial test) 
initially increased. This improvement in stiffness was attributed to increased contacts as 
pore space filled. However once the voids were filled further addition of fines displaced 
the coarse particles. The mechanical performance of the material then relied mainly on 
the fines, and the stiffness was observed to decrease. Therefore the percentage fines 
becomes critical when excess fines are present in proportion to pore space. Capping and 
subbase materials have thermal insulating properties that are used to protect the 
subgrade damage from frost. The foundation materials close to the pavement surface 
experience the frost effect of freeze and thaw which causes volume change and particle 
degradation. Therefore all materials within 450mm of the pavement surface must be 
non-frost susceptible (DMRB, 1994). 
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Figure 3.1: The stress condition under a moving wheel load (a) stresses on a pavement 
element; (b) variation of stress with time (after Brown, 1996) 
3.3 Behaviour of Unbound Granular Materials 
Unbound granular materials show relatively complex elastoplastic behaviour when 
subjected to repeated cycles of loading such as that generated by moving traffic (Lekarp 
et al., 2000). The effect of a single cycle of load is to cause both elastic and permanent 
strain. The magnitude of elastic strain depends upon the elastic stiffness and the amount 
of permanent strain depends on the proximity of the applied stress to the failure stress, 
and accumulates under repeated cycles. The effect of loading on a small element by the 
passage of a loaded single wheel in terms of the transmitted stress pulse is shown in 
Figure 3.1 (after Brown, 1996). This shows a vertical and horizontal stress pulse with an 
approximately sinusoidal (double) pulse of shear stress, with a sign reversal occurring 
on both planes. This stress pattern results in a rotation of principle stresses of the 
element (Figure 3.2) as apposed to a reversal in the shear stress. Rotation of principal 
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stresses has a minor influence on stiffness measured; however it has a significant 
influence on permanent deformation (Chan, 1990). 
Figure 3.2: The stresses on a pavement element (a) principal stresses- element rotates; 
(b) no rotation – stress reversal (after Brown, 1996) 
3.3.1 Resilient Elastic Stiffness 
The resilient elastic stiffness is calculated from the resilient strain and the change in 
stress measured upon unloading. Stiffness relates to the load spreading ability of a 
material. A material of low stiffness tends to exhibit poor load spreading ability (Figure 
3.3), which results in high compressive stress upon the subgrade. A material of high 
stiffness tends to exhibit good load spreading ability (Figure 3.3), which results in low 
compressive stress upon the subgrade. Several physical material properties that affect 
the resilient response of granular materials include: material type, particle size, grading, 
water content, surface characteristics (angularity and roughness), the compacted density, 
applied stress level and Poisson’s ratio (Hicks and Monismith, 1971). 
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Low Stiffness High Stiffness 
   
   
                                                         Stress distribution 
                                                         upon the subgrade
Poor Load Spreading Good Load Spreading 
Figure 3.3:  A graphical representation of load spreading ability  
of low and high stiffness layers (after Brown, 1996) 
A principal influencing factor is the stress level. The K-theta model was developed for 
fine grained materials but appears widely accepted for analysis of nonlinearity of 
granular material elastic modulus, and is regarded as an adequate simplification for 
analytical design purposes (Lekarp et al., 2000). In fine grained soils at small strains the 
stiffness is relatively large, whereas at strains close to failure the stiffness is small, thus 
the material is non-linear (Atkinson, 2000). However, in granular materials the bulk 
modulus increases with an increase in mean normal stress. Thus the stiffness value 
calculated depends upon the magnitude of the stress applied and the previous loading 
sustained. The extent to which the modulus varies with stress is determined by the 
coefficient k2 of the K-theta model (Boyce, 1980) which states;  
Mr = k1 θk2         (3.1) 
Where;- Mr   = Resilient Modulus (MPa) 
θ  = bulk stress (KPa) 
k1 and k2  = material constants 
High 
Compressive 
Stress 
Acceptable 
Compressive 
Stress 
Maximum allowable 
compressive stress 
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Boyce (1980) quoted a typical range of k2 values between 0.4 (low sensitivity) to 0.8 
(high sensitivity) for granular materials which is similar to triaxial tests by Hicks and 
Monismith (1971) and Hughes (1997). The limitation of the model is that it assumes a 
constant Poisson’s ratio, however Poisson’s ratio is not constant, rather it varies with 
applied stress. 
The interaction between capping/sub-base and the subgrade (composite behaviour) is of 
crucial importance (Fleming and Rogers, 1994). Therefore it is not only the stiffness of 
a material, or of a single layer (i.e. layer stiffness) but the response of the foundation as 
a whole that defines the performance of the pavement foundation (i.e. composite 
stiffness, Figure 3.4).  
Key: 
P 
E1
H1
ν1
d0
σv 
 
Applied stress (KPa) 
Resilient stiffness of layer 1 (MPa) 
Thickness of Layer 1 (mm) 
Poisson’s ratio of layer 1 
Surface deflection (μm) 
Verticle compressive stress at top of 
layer 2 (KPa) 
Figure 3.4 The composite response of a pavement  
foundation resulting from applied stress 
3.3.2 Composite Stiffness 
Composite stiffness is based on the application of a known load at the top of the 
foundation and the resultant deflection measured. The response to loading is a result of 
P 
H1 E1, ν1
E2, ν2
d0 
σv 
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material significantly stressed. The stress is applied through a circular plate, of diameter 
B, resulting in a pressure bulb below the plate (Figure 3.5). This zone of significant 
stress represents a contour of equal vertical stress, considered to be 10% of the applied 
stress. The extent of the zone of significant stress is proportional to B. In an elastic, 
isotropic and homogenous semi-infinite material, a static load would create a zone of 
significant vertical stress that extends 1.5 to 2 times vertically downwards from the 
plate (Boussinesq, 1885). The zone of significant stress extends 0.9 times B horizontally 
from the centre line of the plate, at a depth of 0.8 times B (Whitelow, 2001). However, 
Fleming and Rogers (1995) suggest that a quicker load application reduces the depth of 
significant stressing. Nazzal et al (2004) carried out controlled laboratory testing that 
concluded that the LWD stressed to a depth of 270-280mm (200mm diameter plate), or 
approximately 1.5 times D. However, Peterson et al., (2006) found that the LWD (with 
300mm plate) stressed to between 100-300mm deep, less than 1 times D. It is clear that 
the depth of significant stress is variable, with no definitive indication of its extent. In a 
homogeneous material it would extend between one to two times B. However in a 
layered material where the upper layer is significantly stiffer than the lower layer this 
would be less, therefore the depth of significant stress is dependant on materials 
stiffness and thickness. 
Based on static elastic half space theory the in situ stiffness of a foundation is calculated 
from the following simplified equation (Boussinesq, 1885). 
E = 
d
)ν(1r  PA 2−⋅⋅
 (MPa)       (3.2) 
Where:- A  = plate rigidity factor (π/2 assuming a rigid plate) 
P  = applied stress (kPa) 
r  = plate radius (m) 
ν = Poisson’s ratio 
d  = deflection (mm) 
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Notes: 
P denotes aplied stress (KPa) 
zone of significant stress ≥ 10% applied stress
B denotes diamter of bearing plate (mm) 
x denotes horizontal extent of significant stress = 0.9 time B (mm) 
y denotes vettical extent of significant stress = 1.5 to 2 times B (mm) 
E1 denotes resilient elastic stiffness of Layer 1 
H1 denotes thickness of Layer 1 
Figure 3.5: The expected zone of significant stress beneath a circular load and the 
composite stiffness measured of two or more layers.  
The term ‘stiffness’ (and not elastic modulus) is used, as the maximum deflection under 
load may not be truly elastic, but a function of both elastic and plastic strains. In a 
multi-layered structure the response to loading is a product of contributions from all 
underlying layers that are significantly stressed (Figure 3.5). The resilient stiffness, 
Poisson’s ratio and layer thickness of each layer contributes to the response of the 
structure as a whole.  
The stiffness ratio between layers and layer thickness has an effect on the composite 
stiffness behaviour of a multi-layered structure. In road foundations during construction 
the foundation is not expected to be more than 3 times the stiffness of the subgrade 
(IAN, 2006). In many cases, the ratio of subgrade stiffness to granular capping and sub-
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base stiffness is less. For example, If construction was to occur during a period of good 
weather, the (fine grained) subgrade may appear much stiffer when tested if it is able to 
sustain negative pore water pressure (by unloading and/or drying). The development of 
negative porewater pressures in the granular material (with void spaces filled with fines) 
will increase the effective stress, resulting in an increased stiffness). 
3.3.3 Strength 
The permanent strain is defined as the permanent change in length of the sample caused 
by cumulative loading. Permanent deformation in granular materials is caused by shear 
within the material itself, either due to insufficient inherent strength or due to a weak 
underlying layer. Factors affecting permanent deformation include the stress level, 
number of cycles, particle shape, grading, angularity and roughness, and the load 
(stress) history (Fleming and Rogers, 2000). The prediction of permanent deformation 
behaviour is difficult in design.  However, general measurements of strength have 
proven useful indicators of the propensity for rutting/permanent deformation in a 
material.  
3.4 Measurement of Granular Material Behaviour 
This section reviews the methods available to measure the behaviour of granular 
materials and reviews their suitability for assessing the performance of coarse granular 
materials. It reviews three element tests for measuring the resilient and residual 
response of granular materials to applied stress. It looks at field trafficking trials and 
discusses the information that can be obtained from them. Finally, three in situ stiffness 
measuring devices and two in situ strength measuring devices are reviewed. 
3.4.1 Element Tests 
Element tests are used to measure the behaviour of an element in the pavement 
foundation. For unbound materials this also equates to the layer behaviour of a material. 
Three element tests are presented here with a review of their suitability for assessing 
granular materials.  
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A repeated load triaxial test (Figure 3.6) measures the response of a cylindrical 
specimen under cyclic loading (Brown, 1996). Work with non-standard large-scale 
triaxial apparatus has allowed the assessment of coarser materials (Sweere, 1990). 
400mm diameter samples of granular material are tested to accommodate particle sizes 
up to 40mm. 
The K-Mould was developed in South Africa to enable the rapid determination of 
elastic and shear properties of pavement materials. It automatically increases the lateral 
restraint on the test material as it is being vertically loaded. The K-mould itself is 
broadly circular in shape and formed of eight segments with an internal diameter of 
152.4 mm. The result is a confined compression test but with a constant or controlled 
horizontal elastic modulus (Semmelink and De Beer, 1993).  
Figure 3.6: The Repeated Load Triaxial Test Arrangement (Edwards, 2004) 
The Springbox test (Edwards et al., 2004) is a variably confined repeated load test, 
primarily manufactured to determine resilient stiffness and a relative measure of 
Chapter 3: Literature Review 
43
permanent deformation for unbound and weakly bound granular materials of less than 
40 mm particle size (Figure 3.7). The apparatus utilizes the Nottingham Asphalt Test 
load frame and repeated vertical load is applied to a cubic sample and allows horizontal 
strain of the sample on one axis with sides restrained by springs.  
Figure 3.7: A Schematic of the Springbox Test Arrangement (Edwards, 2004). 
The repeated load triaxial is a research tool and is not widely used in non-research 
testing primarily due to cost and complexity. The K-Mould restricts samples to a 
maximum particle size of 20mm and is mechanically complex. Thom (1988) and 
Sweere (1990) found the maximum particle size of granular materials to have an effect 
on elastic stiffness and that omitting the larger particles from the specimens caused 
inaccurate and unrepresentative results. It has been suggested that to include large 
particles and ensure a representative sample the test mould diameter/dimension should 
range between 4 to 10 times the nominal particle size, thus providing a sample to 
particle size ratio of 4:1 up to 10:1 as a minimum (Sweere, 1990). For example given a 
nominal particle size of 125mm then a triaxial cell would require a diameter ranging 
between 500mm to 1250mm, as a minimum to accommodate a representative sample 
containing such large particles. There are only a few 500mm diameter triaxial test rigs 
available. The Springbox is reported as suitable for use in material characterization for 
170mm
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pavement design, however it restricts the sample particle size to 40mm (Edwards et al., 
2004). For larger particle sizes the test samples therefore need to be larger and tests 
become more complicated. In the UK capping materials have a particle size limit of 
125mm, and a maximum allowable test particle size of 40mm potentially excludes 25% 
of the sample (by mass) of a Class 6F1 (Fine) capping and as much as 55% of a Class 
6F2 (coarse) capping (MCDHWa, 2005) (Figure 1.2). This relationship between 
maximum particle size (within a sample) and the size of the sample required to ensure 
representative behaviour will thus significantly affect the test size of an assessment test 
for capping materials. These element tests are therefore unsuitable for assessing coarse 
granular materials. 
These cconventional element test methods  only measure the behaviour of an element of 
sample, or in the case of granular materials they measure the layer behaviour. Therefore 
they can not measure the interaction between two or more layers. In situ test devices can 
measure the behaviour of two or more materials 
3.4.2 Field Trials 
Field trials enable assessment of full-scale foundation layers, constructed using full size 
plant, and trafficked by actual haulage vehicles, so the materials are subjected to true 
conditions of loading. The composite effects are assessed including stiffness, strength 
and compacted density of pavement foundations. Trafficking trials assess the resistance 
of the constructed foundation to permanent deformation. Results from field trials are 
discussed in detail in Appendix D (Paper 4). Trafficking trials form part of existing 
specifications and are used for larger schemes, however they are expensive to set up for 
smaller schemes. They are not considered suitable for routine assessment of granular 
material because they do not afford the control of conditions required. 
3.4.3 In situ Stiffness Tests 
The principal of an in situ stiffness test device is to replicate construction vehicle wheel 
loading. To achieve this, the device should ideally measure the response of: a transient 
load pulse of around 40 milliseconds or longer; loading applied through a bearing plate 
approaching 500 mm in diameter (to simulate a twin tyre configuration) and a contact 
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stress of around 200 KPa (Fleming and Rogers, 1995). In reality, however, the required 
contact stress and load pulse duration required to mimic vehicle loading on a layer at a 
given depth in a partially completed pavement will vary due to the stress dependency of 
the materials used in the pavement (Appendix B: Paper 2:). Therefore some flexibility 
in the loading applied by a device is desirable.  
The stress bulb deepens as plate diameter increases, thus the composite effect is greater. 
This potentially allows the user to measure the layer stiffness of multi-layered 
construction and exclude measurement of layers below the zone of significant stress 
(Figure 3.5).  
The FWD is a trailer mounted dynamic plate test device (Figure 3.8) commonly 
performed to assess in situ pavement layer stiffnesses (Hakim et al., 2002). The 
pavements response, in terms of surface deflections, to transient loading is measured by 
up to nine velocity transducers, in contact with the ground, at predetermined radial 
distances from the load centre. The surface deflection is measured with 7 geophones 
(usually on fully constructed pavement) and is interpreted to backcalculate the stiffness 
of the layered structure (Figure 3.8) which provides an indirect measure of stiffness. 
Typically just the central geophone is used when assessing pavement foundations and 
unbound materials. The foundation stiffness calculated from the d0 deflection and the 
stress measured provides a direct measure of the foundation as a whole, including all 
layers significantly stressed (e.g. the sub-base, capping and subgrade). The velocity 
transducers and load cells of the FWD are regularly calibrated to ensure accurate 
measurements of deflection and load respectively. The TRL also conduct annual trials 
to compare all the FWD devices used within the UK.  
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Figure 3.8: A schematic of the Falling Weight Deflectometer with typical deflection 
bowl and interpretation criteria. 
Although the FWD is a well established stiffness measuring device it does have its 
limitations. Due to its size and set up it may not be possible to be used in confined 
spaces or where access is difficult. The FWD applies an overburden of approximately 
150kg which pre-stresses the material, which will affect the stiffness measured of softer 
(and stress susceptible) materials. Appendix C (Paper 3, Section 2) gives more 
information about the use of the FWD in the performance specification and its 
limitations. 
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Figure 3.9: The German Dynamic Plate hand-held portable dynamic plate test. 
(Scott Wilson Pavement Engineering) 
The German Dynamic Plate (GDP) is a portable dynamic plate test device (Figure 3.9) 
designed for use on pavement foundation material. this is suitable for testing in confined 
spaces and where access is difficult. The GDP is summarised in Appendix B (Paper 2, 
Section 2.2). The resultant surface deflection of a (assumed) 100KPa transient load is 
measured by a velocity transducer mounted to a 300mm diameter bearing plate. The 
contact stress applied by the GDP varies and is influenced by the stiffness of the 
material tested (Fleming et al., 2000). The stiffness calculated is therefore inaccurate. 
For this reason it is important to measure both the force applied and the resultant 
deflections. 
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Figure 3.10: A schematic of the Light Weight Deflectometer (after Young, 2006). 
The Light Weight Deflectometer (Figure 3.10), formerly know by the proprietary name 
‘Prima 100’, is a commercially available, portable dynamic plate test device designed 
for use on unbound materials, lightly bound materials and thinly surfaced pavements. It 
is suitable for use in confined spaces. The device is comprehensively reviewed in 
Appendix C (Paper 3). The LWD measures both force applied and the resultant 
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deflection (which is measured by a geophone in contact with the ground). Its set-up is 
also flexible enough to vary the force applied by increasing or reducing the drop height 
and changing the diameter of the bearing plate from 100mm up to 300mm. 
Four test methods/devices for measuring stiffness are compared in Table 3.1. They are 
compared against three different categories, technical specification, testable materials 
and operational use. The static plate test fundamentally loads in a different manner to 
the three dynamic plate test devices. It’s slow rate of loading creates (potentially) 
drained conditions, whereas the dynamic plate devices fast rate of loading creates un-
drained conditions. Higher pore water pressures develop in un-drained conditions which 
causes to decrease in stiffness. This has an effect on granular materials where the voids 
are filled with fines The rate of loading is also significant when testing on asphalt 
materials, related to visco-elastic behaviour. For typical asphalts, halving the total load 
time increases the elastic stiffness modulus by between 8 to 25%, depending on the 
stiffness of the bitumen (Nunn, 2006). Therefore the LWD would be expected to 
measure a higher composite stiffness (8-25% increase) upon an asphalt surfaced 
pavement than the FWD based of the devices total load pulse (Table 3.1). 
The level of stress can be adjusted by the Static Plate, FWD and LWD because they 
measure the applied load during a test. For example, when the resulting deflection is 
greater than the range of the deflection transducer at a given force, the force can then be 
reduced until the deflection is within the working range of the transducer. Granular 
materials are stress sensitive and the ability to change the applied stress also allows 
measurement of the materials stress sensitivity. It was discussed in Appendix B (Paper 
2) that mounting the deflection transducer upon the ground, rather than the plate, 
provides a more accurate measurement of deflections. It was suggested that placement 
on the ground would be less susceptible to plate surface contact problems. The 
deflection transducer of the FWD and LWD are both mounted upon the ground which 
makes measurements between the devices more comparable. An advantage the static 
plate test brings is its ability to differentiate between resilient and permanent 
deformation, whereas the dynamic plate devices measurement includes both resilient 
and permanent deformation. The test provides valuable information for the research 
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purposes, however the limited number of tests that can be performed reduces statistical 
significance of the data collected. 
One should also consider the operational use of the test devices to help identify their 
suitability for use within the laboratory assessment test. For example, it would be 
impractical to use the trailer mounted FWD within the laboratory. Cost is also another 
consideration. Table 3.1 demonstrates that the LWD is the most expensive of the 
remaining options, with the static plate being the cheapest. However, the lower cost 
reflects the number of tests feasible from the static plate compared to the LWD. The 
number of tests and cost per day are presented as an indication only (2007 approximate 
prices). Within the environment and within smaller confines of the laboratory it would 
be practical to increase the rate of tests per hour. Based on this discussion of plate tests 
the LWD appears to be the most versatile test option and provide the primary means of 
assessment within this research project. The LWD was also adopted by TRL, and is 
gaining reputation in Europe. key advantages were; the ability to adjust the force 
applied, the ability to changed the bearing plate diameter, the ability to change the 
location of the deflection transducer and the ability to use the device within confined 
spaces. 
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Table 3.1 Comparison of in situ stiffness measurement devices 
 Static Plate FWD LWD GDP 
Technical Specification     
Load cell    
Stress range 
< 1000kPa > 100 - 1000kPa 30 - < 150kPa 
Constant: 
100kPa 
Total load pulse time Static 30-40ms 15-20ms 18 +/- 2ms 
Deflection transducer type Dial gauge geophone Geophone accelerometer 
Deflection measured on: Plate Ground Ground/Plate Plate 
Data output lead time Hours Hours Instant Instant 
Plate size (mm) 300, 450, 760 300, 450 100 - 300 300 
     
Upper and lower limit for 
stiffness range (300mm 
plate at 100KPa stress) 
10 to 
1,000MPa 
10 to 
10,000MPa 
10 to 
1,000MPa 
10 to  
200MPa 
     
Operational Use     
Number of operators 
required 1 1 1-2 1-2 
Test set-up Requires 
kentledge 
>3 tonnes  
Trailer 
mounted 
Portable plate 
test 
Portable plate 
test 
Restricted access Unsuitable Unsuitable Suitable Suitable 
No. of tests a day on site  
(at 20 meter centres) 15-20 240-320 250-300 100-150 
Cost per day (‘07 prices) £375 £1000 £500 £400 
3.4.4 In situ Strength Tests 
The in-situ strength of foundation materials can be routinely assessed using the 
Dynamic Cone Penetrometer (DCP), though difficulties can occur in strong and very 
coarse materials due to the low (manual) impact energy and small cone size. However, 
the DCP is considered to be a useful and simple-to-use portable tool for assessing 
between materials and for changes in any one material’s strength. The DCP (Figure 
3.11) test is performed in accordance with BS 5930 (BSI, 1999). A CBR value is 
calculated from the relationship between the cone type and mm/blow. To determine a 
mean CBR value from a test the first 50mm of data should be excluded due to poor 
confinement.  
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Figure 3.11: A schematic of Dynamic Cone Penetrometer
The Clegg Impact Hammer (Figure 3.12) is a simple and portable tool used to assess 
and control the compaction of granular soils in the field (Kim et al., 2005). The Impact 
Value (IV) reflects changes in the near-surface strength of the compacted material and 
has traditionally been used in lieu of a direct density measuring device, to compare 
between materials prepared in the laboratory and field. The IV is influenced by both 
resilient and residual behaviour, however the device best indicates shear strength. 
Rule 
Drop 
575m
8kg Falling 
Mass
Anvil 
60o Cone
Chapter 3: Literature Review 
53
Figure 3.12: The Clegg Impact Hammer. 
(after Kim et al. 2005) 
3.5 Discussion 
The recent implementation of performance based design and specification for pavement 
foundations has resulted in the foundation being considered as a structural layer within 
the overall pavement and defining minimum performance requirements. The literature 
review identifies stiffness as a key performance parameter used in pavement design for 
both bound and unbound materials, although it is very sensitive. The stiffness of 
unbound granular materials is primarily sensitive to changes in stress and water content. 
This behaviour should therefore be measured in the laboratory assessment test. The 
elastic properties are not greatly influenced by the rotation of principal stresses caused 
by a rolling wheel, therefore it is not essential that this be recreated in the laboratory 
assessment test. 
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Plate tests provide a practical means to measure in situ stiffness. The depth of 
significant stress, resulting from a transient load, is primarily influenced by the diameter 
of the contact area from the bearing platen of the plate test device. A multi layered 
structure, with layers of varying stress, would reduce the depth of significant stress 
compared to a one layer homogenous structure. It is also thought that the rate of loading 
will have an influence. The longer duration pulse applied by the FWD extending deeper 
than the LWD. The depth of significant stress is therefore variable, typically extending 
to a depth of between one to two times the bearing plate diameter. 
For the laboratory assessment test to be a routine industrial tool, it should be suitable for 
regular use, be repeatable and not too complex. It should be large enough to contain a 
representative sample, to allow sample compaction (must be able to achieve conditions 
on site) and to allow stiffness and strength measurement using in situ devices without 
effects of boundary conditions. However, the required sample should not be so large so 
as the test to be unpractical and uneconomical, due to the amount of material and 
preparation time required.  
A very large rigid mould was used by Tingle and Jersey (2005) to evaluate cyclic plate 
load testing of unbound aggregate roads, more details can be found in Appendix D 
(Paper 4). Tong and Baus (2005) performed full-scale cyclic and static plate loading 
tests in a large test pit to investigate the mechanical properties of unbound granular 
materials. The two references demonstrate very relevant research projects using large 
scale ‘Box Tests’ to the behaviour of granular materials, in these cases related to cyclic 
loading. Other examples of research using these ‘box tests’ include the assessment of 
track bed materials for railways at Nottingham University. The large size of these test 
set-ups would require considerably large masses of materials are complex and require 
specialist equipment (e.g. cyclic rammer). It is possible to learn from these approaches 
however, providing clues to developing a sample preparation methodology and 
apparatus set-up. The benefits and downfalls of using a natural subgrade in the 
laboratory mould are discussed in more detail in Section 4.3.3.2. However, the very 
large volume of samples and the use of clay substrates restrict the practicality of this 
approach as a routine and economical laboratory assessment test. 
Chapter 3: Literature Review 
55
Layer interaction between the subgrade and the capping materials is key, as identified in 
Appendix A (Paper 1 pp. 12). The design of the base conditions becomes less 
significant as the capping layer thickness increases. In practice the capping layer 
thickness is typically less than the depth of significant stress applied by a moving wheel 
or dynamic plate devices, as such the subgrade will affect the composite stiffness 
measured. The constructed state of fine grained soil can change from the short-term to 
long-term condition (i.e. pore water pressure changes) as caused by environmental 
changes. Therefore it is the long-term equilibrium subgrade condition used in design. 
Boundary conditions of test set-up will affect both sample compaction and composite 
stiffness measurements. Base stiffness is expected to have an influence on the 
foundation density achieved (Thom, 1988). the subgrade stiffness will have less effect 
on the composite stiffness as the foundation layer thickness increases. The lateral 
restraint caused by side walls of a test mould would affect a zone of material during 
compaction.  
Thom (1988), Brown (1996), Lekarp et al. (2000) and Frost (2000) suggest that density, 
water content, mineral type and particle size are key variables that effect elastic 
stiffness. Therefore, control of these variables is required to achieve similar material 
conditions in the laboratory to those encountered in the field. Consequently, sample 
preparation must consider these variables carefully. 
The subgrade and granular materials in pavements exist above the water table but below 
a sealed surface; although this does not completely inhibit ingress of water, both 
saturated and unsaturated conditions can occur (Brown, 1996). Poor weather during 
construction increases the water content of the foundation. Therefore the material’s 
behavioural changes resulting from a difference in saturation after compaction should 
be assessed. Increases in the water content of foundation material cause foundation 
failure within in-service pavements. Pavement maintenance assessment guidance (HD 
30/99, Appendix A - Paragraph A27; DMRB, 1999) recommends the use of drainage 
surveys when poor foundation performance is believed to be the cause of pavement 
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failures. The survey investigates the efficiency of the drains to aid the egress of water 
from the foundation. 
3.6 Summary 
Material stiffness and strength are key performance parameters required for the design 
and specification of pavement foundations where materials are used to their full 
potential. There has been much research on the behaviour of granular materials and 
means of assessing its performance. However there are limited research methods 
available to routinely assess the performance of coarse capping materials. This literature 
review has reported key findings to support the development of an assessment test for 
coarse capping materials. There is a need to strategically select materials for design and 
to undertake full-scale site trials that are routine and economical. There is no 
satisfactory test currently available to routinely assess the performance properties of 
granular capping materials and alternative materials before construction begins. 
A laboratory test would achieve these requirements. However, existing element tests are 
either too small to contain coarse granular materials, or too complex for routine use.
In situ assessment devices and their relative merits have been discussed. The advantages 
of using the same assessment test methods in the laboratory to those used in situ are 
direct comparability, compatibility and continuity in the performance parameters 
measured. 
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CHAPTER 4 RESEARCH UNDERTAKEN 
4.1 Introduction 
A Research Map is presented in Chapter 2 that states the aim and objectives of this 
project and defines the industrial context of the research. This chapter describes the 
work done to achieve the aim and objectives and highlights the main results of the 
research. Section 4.2 presents a road map of research development, test design, 
rationale, and test evaluation. Section 4.3 describes the detailed practical methodology 
of the research programme. Section 4.4 presents some key results and a discussion of 
the research observations. Within this chapter, reference is made to the papers in the 
appendix for further details. 
4.2 Map of Research 
Table 4.1 presents the ‘Map of Research Development’, setting the logical story of the 
research and forms the structure of the chapter. The map links the research objectives to 
the papers that present their findings. It shows the research questions that lead from the 
objectives, and identifies the work tasks and sub-tasks required to answer the research 
questions. 
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4.3 Test Rationale and Design  
This section serves to propose the practical methodology to develop the assessment test. 
It defines issues that are expected to arise as identified by the literature review and 
discusses their implications. 
4.3.1 Test Options 
The test options proposed from the literature review are discussed to determine their 
suitability as a routine performance test. The literature review identified three design 
options, including field trials, pavement test facility and a laboratory assessment test 
that are of sufficient size to accommodate representative samples of coarse granular 
materials for performance assessment. They are critically reviewed further, discussing 
their relative merits and disadvantages. 
Field trafficking trials permit a full-scale in situ investigation of pavement foundations. 
Field trials form part of the performance specification for pavement foundations, and 
are used to demonstrate performance of the foundation design in situ. Field trials were 
used in earlier research projects at Loughborough University and the experience offered 
by those trials was used to evaluate the field trials as a test option. 
Field trials enable the foundation to be constructed on or close to the site where the final 
pavement will be constructed. The foundation is constructed using the same methods 
and plant as used during construction and the actual environmental conditions 
encountered are realistic (Figure 4.1). Performance testing can be undertaken using in 
situ test equipment. However, the behaviour of the material (subgrade) where the trial is 
constructed is inherently variable. The history of trafficking foundations is often 
unknown, hence stress state and rutting are not easily controlled and control of the 
environmental conditions is very poor. Large volumes of resources are required, hence 
it is expensive as a routine test. 
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Figure 4.1: Field trials at Mountsorrel (After Frost 2000) 
Fields trials do not meet the full scope of the research set out in the introduction. The 
most significant disadvantage of this is the lack of control that can be offered through 
fieldwork. Field trials are discussed further in Appendix D: Paper 4, Section 2, Field 
Trials where a discussion of the results obtained and observations made from field 
assessments during previous research programmes is presented.    
The Pavement Test Facility (PTF) is a large (3.8m x 3.8m x 1.3m deep) outdoor pit at 
Loughborough University with 0.15m thick concrete walls and base containing a 0.7m 
subgrade layer above a 0.3m gravel drainage layer (Figure 4.2). The PTF offers a 
natural subgrade (mercia mudstone) upon which a small pavement foundation can be 
constructed using manual plant. A large canvas roof and sidewalls protect the facility 
from precipitation allowing some control of the foundation’s water content. 
Chapter 4: Research Undertaken 
61
Figure 4.2: The Pavement Test Facility 
The pavement test facility was considered to have good potential for the assessment test 
and was reviewed. A series of performance related tests were performed on a pavement 
foundation constructed in the pavement test facility. The aim of the testing was to 
evaluate the PTF as a means of routinely assessing the performance of a pavement 
foundation. The unbound foundation was constructed using a mudstone (6F2) from 
Jersey Taxiway Alfa. Four layers were placed and compacted using a vibrating hammer 
to achieve a 0.6m thick capping layer. The foundation was designed based on HD25/94 
(DMRB, 1994) guidance for a subgrade of 2.5% CBR.  
The foundation being constructed upon a natural subgrade and the drainage layer 
beneath the subgrade allows the sample to be saturated and the effect on performance 
measured. Some control of the environment can be afforded with the PTF enclosed 
within a large canvas gazebo. PTF facilitates the construction of a large foundation 
(potentially 14.5m2) which reduces the likelihood of boundary effects. Performance 
testing can be performed using in situ test equipment. However, very large quantities of 
materials are required (e.g. 14.5m2 x 0.4m deep foundation would require 
approximately 15 tons of material prepared at optimum water content). Repeatability of 
natural subgrade is poor which affects the performance of the foundation measured. 
There is no control of drainage (water is free to pass through the foundation, depending 
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on its permeability, through to the drainage layer) and the unconfined edge of the 
structure reduces support offered to compaction, reducing density. The PTF was 
therefore not considered suitable as an option for further investigation. 
The laboratory-based assessment test consisted of a large steel box (1m x 1m x 0.5m 
deep) in which the sample pavement foundation was constructed and the performance of 
the foundation assessed using conventional in situ test devices (Figure 4.3). 
Approximately 1 metric ton of sample capping material is required to construct a 0.45m 
thick foundation, constructed in layers. Once the foundation is constructed, its stiffness 
and strength properties are measured using a dynamic plate test and dynamic cone 
penetration test. 
Figure 4.3: The laboratory box test 
A laboratory test of this size would be economical because it would require fewer 
resources to perform a test, in terms of material quantity and would take less time to 
complete. The test methodology would utilise the same in situ measurement techniques 
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as those used for performance assessment on site. Laboratory conditions offer a 
controlled environment where variables can be best isolated. However, important 
considerations include: potential boundary effects; the need for a careful preparation 
methodology to achieve similar conditions to site; and the mould offer appropriate 
confinement. 
The laboratory based test option was selected because of its advantages has; for 
example, it is economical, it allows the same test devices as those used in the field and 
(because) it provides controllable conditions. It is believed that the laboratory based 
assessment test option would also be available and suitable for a wider range of users. 
Smaller masses of materials and less space are required to perform the test. 
4.3.2 Test Philosophy 
General requirements and philosophy of the testing are discussed in Appendix E: Paper 
5, Section 3.3.  In summary, the tests should assess the foundation in a similar condition 
as would be found on site, with variation in subgrade stiffness. Performance should be 
measured using the same devices used in the performance specification. The test 
procedure should evaluate the material’s stress sensitivity and water content 
susceptibility. Four key methodologies necessary to form the laboratory assessment 
protocol are discussed. These methodologies include test apparatus set-up, sample 
preparation, material assessment and data analysis. 
4.3.3 Test Set-up 
The physical design issues of the test set up are discussed including the test mould, the 
base condition and consideration of sample saturation.  
4.3.3.1 Test mould 
The test mould should be large enough to contain a representative sample of a UK 
capping material (6F1 and 6F2), limit boundary effects during testing, and permit use of 
in situ test devices. The largest particle size permitted in UK capping materials is 
125mm (Figure 1.2), therefore the internal dimension of the test mould should be 
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between 0.5m x 0.5m to 1.25m x 1.25m to contain a representative sample (Sweere, 
1990 and Chapter 3, Section 3.4.1). 
The mould must be large enough to allow use of in situ devices such as the LWD. The 
LWD device creates a bulb shape zone of stress below the surface. Should the mould be 
smaller than the zone of stress then the side walls will affect the materials behaviour 
under loading. It is important to limit boundary effects caused by the test mould so that 
they do not influence the behaviour of the sample during testing. The zone of significant 
stress (10% applied stress) imparted by a LWD extends approximately 270mm 
horizontally from the centre line of a 300mm diameter bearing plate (Figure 3.5). The 
mould must therefore be no less than 0.54m wide, i.e. the diameter of the significant 
stress. The edge of a 300mm plate should be further than 120mm (i.e. 270mm subtract 
the plate radius of 150mm) from the side of the test mould in order to limit boundary 
effects. 
The size of the sample and the mould should not be so large that it becomes 
uneconomical and difficult to prepare (this is for practical reasons such as sample 
preparation, compaction, and testing). For convenience, the mould should be designed 
to be moved around the laboratory. It is proposed to move it by either pallet trolley or a 
crane. The test mould should be fabricated to be strong, durable and allow compaction 
of the sample, whilst also permitting some flexure to simulate suitable confinement.  
4.3.3.2 Base Condition 
The composite stiffness (surface modulus) of the base condition in the laboratory mould 
should reflect the subgrade composite stiffness characteristics expected on site. For the 
purpose of this project two base conditions were proposed, one to represent a stiff 
subgrade and one to represent a soft subgrade. This would then give an upper and a 
lower expected performance band for a material. The mould base condition would be a 
combined effect of the substrate, mould base rigidity and the supporting laboratory 
floor. The base condition will effect both compaction of the foundation material and the 
composite stiffness of the foundation material. 
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The laboratory substrate needs to be both durable and repeatable. It should be suitable to 
be used repeatedly and behave in the same way repeatedly under the same conditions. 
There are two suitable design options for the mould base condition: a natural subgrade 
or a synthetic substrate. The design considerations included substrate layer thickness, 
material type, elastic behaviour and susceptibility to permanent deformation. 
The advantage of a natural subgrade is that it would behave in a similar way as the 
subgrade on site, provided that the same type of material was used. Key limitations in 
using a natural subgrade in the laboratory test include: susceptibility to permanent 
deformation resulting in changes in performance from reuse; variable and unrepeatable 
performance between tests; the required layer thickness needing to be more than 400mm 
thick (so that its thickness is greater than the zone of significant stress). A synthetic 
substrate can achieve similar elastic behaviour as a natural subgrade whilst resisting 
permanent deformation. This would result in a more repeatable and realistic substrate 
with respect to stiffness properties. Therefore the synthetic substrate was adopted to 
achieve a soft base condition. 
4.3.3.3 Saturation 
The rationale behind evaluating a material’s moisture susceptibility was to determine 
how it would be affected by heavy precipitation and poor drainage, causing the material 
to become fully saturated. A material with high fines content would be expected to be 
more susceptible to moisture. An increase in water content would reduce the elastic 
stiffness of granular material. Procedures were developed to wet the sample to achieve 
full saturation, maintain water content at a constant value, and then drain the sample of 
excess water. 
A procedure for wetting the sample should consider how much water is required to 
achieve full saturation and how the water is applied to the material. An approach that 
takes into account the volume of air voids in the sample following compaction appears 
an appropriate way to calculate the water required to achieve full saturation. A 
methodology is described in detail in Appendix F: Draft test protocol, Section 3.6.3. 
The mass of water to be added to the sample was based on the difference between the 
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installed water content (wc) and the wc at 0% air voids for the dry density achieved. 
Once the mass of water is calculated the method of application should best replicate that 
expected on site. Two options were considered, either applying the water to the surface 
or from the base. Application at the surface best replicates precipitation (water applied 
by watering can with a sprinkler nozzle to reduce impact of water upon foundation 
surface, evenly distributed, and creating a small head of water), and is a simpler 
approach compared to application through the base. Application through the base would 
require a large pressure head of water to permeate the water to the foundation surface, 
requiring complex set-up for application. A drainage layer is required at the base of the 
box so that drainage points in the base of the box do not become blocked.
It is important to maintain the same sample water content once the target value is 
achieved. Changes in water content will affect stiffness results. Therefore, measures to 
prevent evaporation are necessary. A practical solution in the laboratory was to tightly 
fit a plastic sheet over the surface of the foundation. In order to evaluate the moisture 
susceptibility, the performance of the material should be reassessed once the excess 
water has been allowed to drain out. Control of drainage through the base was therefore 
necessary to saturate the sample and then to drain the excess water.  
4.3.4 Preparation Methods 
The practical issues relating to sample preparation are discussed, including the sample 
characterisation and compaction methods. A suite of standard classification tests are 
required for each sample material. The tests are necessary for determining how the 
sample will be prepared. The following tests are required: particle size distribution (BS 
1377-2: BSI, 1990); water content (BS 1377-2: BSI, 1990); vibration hammer 
compaction test (BS 5835-1: BSI, 1980); and specific gravity (BS 1377-4: BSI, 1990). 
These tests describe the samples in terms of grading, water content, maximum dry 
density, optimum water content, mineralogy and particle density.
An appropriate compaction method and stress (compactive effort) is required. The stress 
state of material is very influential on the measurement of stiffness. Over-compaction 
would cause a build up of excess pore water pressure which ultimately would reduce the 
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stiffness of the material and would also cause permanent deformation. Over compaction 
should be avoided because over stressing can cause degradation of weak particles 
causing an increase in fines. 
4.3.5 Materials and sites 
Site and material selection for this research project were based on the following criteria. 
Sites were targeted where coarse capping materials were being used, targeting marginal, 
secondary and recycled materials. Sites with a performance specification were also 
targeted. Bound materials and contaminated materials were not of interest. However, an 
overriding factor in site and material selection was availability of the sites coinciding 
with the research project and their geographical location. 
The fieldwork was intended to measure the in situ performance properties of both the 
subgrade and the foundation. Samples of the materials were taken from stock piles for 
classification testing and for laboratory investigation. 
4.3.6 Test Method Selection 
4.3.6.1 Stiffness Measurement 
The composite stiffness of the capping and other foundation materials is a key 
performance parameter used within this research project. The device used should be 
practical and commercially available so that the test protocol developed is available to 
the widest sector possible. Dynamic plate test devices were used within laboratory 
assessments and fieldwork. The device should closely replicate the loading of a moving 
vehicle and should ideally measure both applied force and deflection to calculate 
composite stiffness. The Falling Weight Deflectometer (FWD) has been used for more 
than 20 years by pavement engineers to measure the composite stiffness of pavements 
ranging from block paving at ports, to asphalt highways, to concrete hard standings at 
airports (Hakim et al., 2002). The device is well documented for measuring the in situ 
performance of foundation layers on site during the development of a performance 
specification (Fleming et al., 2003) and as such was treated as a benchmark to compare 
the measurement of composite stiffness by other devices.  
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Surface looseness and unevenness affect composite stiffness measurements when using 
all plate tests, and cause the device to vibrate and shake during a test. This affects both 
the deflection measured and the uniformity of the stress transferred through the bearing 
plate to the ground. An unsound surface contact could cause more deflection to be 
measured reducing the stiffness calculated. Stress is calculated by dividing the force 
measured by the surface area of the bearing plate (Equation 3.2). Non-uniform contact 
would cause more stress to be applied to the surface at points of contact than the stress 
expected. This could therefore underestimate the composite stiffness. 
Repeatability is a device’s ability to consistently perform the same test again, under the 
same conditions and return a repeatable measure of performance on a repeatable 
material. Therefore, repeatability is the LWD device’s ability to repeatedly apply a load 
and measure consistent force and deflection upon repeated drops, under controlled 
conditions.  
Test reproducibility is the test’s ability to be duplicated. Therefore in practical terms it 
means the ability for a test to be performed, the device to be removed and then replaced, 
and the test to be re-performed, with comparable results. Reliability gives confidence 
that the test is repeatable, reproducible and accurate. 
4.3.6.2 Strength Measurement 
In situ measurement of strength is often made using a DCP, which measures a cone’s 
resistance to penetration. Strength is a measure of a material’s internal resistance to 
shear relating to susceptibility to permanent deformation. The rate of penetration for the 
cone can be correlated to CBR with depth using the relationship derived by Kleyn et al. 
(1982). Capping material is expected to achieve >15% CBR and a well-compacted 
unbound granular subbase is expected to achieve >30% CBR. The DCP is susceptible to 
large particles causing a reduction in the rate of penetration. Interpretation is important 
to limit this effect. A mean rate of penetration can be used to smooth out the effect, or 
readings considered erroneous can be removed from the data. Low confinement in 
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upper surface layers must be taken into account during analysis. The DCP is useful for 
assessing between materials and for changes in any one material’s strength. 
The Clegg Hammer was used to measure the upper surface strength at locations tested 
by using a dynamic plate test, however it is susceptible to large particles at the surface. 
Measurements can also identify changes in material density. The devices can rapidly 
indicate changes in properties across a site and highlight soft spots. Both devices were 
used on all layers of the sample. 
4.4 Key Results and Discussion 
This section of the chapter discusses how issues arising during the research were 
overcome and discusses the outcomes of the research programme. 
4.4.1 LWD Device Investigation 
4.4.1.1 Device Correlations  
Existing field data from two previous Highways Agency funded projects, aimed at 
developing a performance-based specification, were reviewed. Field stiffness data was 
re-analysed to look at the most appropriate stiffness measurement method to use in this 
project’s laboratory work. The previous fieldwork included several dynamic plate test 
devices, namely the GDP, LWD and FWD. The relationships between the devices were 
re-analysed with a focus on capping stiffness values measured in the lower range of 
acceptability limits (i.e. the range most likely to cause potential conflict if failures were 
reported). The FWD was used as a benchmark for this work, and all the data analysis 
was based on the assumption that the FWD provides an accurate method of assessing 
composite stiffness (Appendix B: Paper 3).  
The composite stiffness range of the capping specifically focused on was 20-50MPa 
(measured by the FWD) at a contact stress of 100KPa and the correlation between 
devices was evaluated. In the draft performance specification (Fleming et al., 2003) the 
lowest permissible stiffness value is 25MPa, and the running mean of 6 points must 
exceed 40MPa (for a Foundation Class 1). The re-analysis work analysed the linear 
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correlation coefficient. The analysis focused on the R2 value of the linear correlation 
(also forced through 0). The R2, also known as the coefficient of determination, value 
represents an indicator of how closely the estimated values for the trend line correspond 
to the actual data. A trend line is most reliable when the R2 value is at or near 1. A value 
of 0.5 however shows a poor correlation with 50% of the total variance in y occurring 
because of the variation in x, and the remaining 50% of the total variance in y is due to 
other undefined variables. Correlation coefficients and R2 values were slightly improved 
by applying the 20-50MPa range limit (to the FWD data) to the data sets (though this 
reduced the number of data points). For example, upon a 300mm Oolitic limestone 
capping the R2 (FWD versus LWD) for the whole site improved from 0.14 to 0.50 
(Table 4.2), although in this data set a poor correlation was found between the LWD 
and the FWD. A non-linear correlation sometimes gave a better fit of the data to the 
trend line. The data sets were not normally distributed, but skewed. In general the 
correlation coefficient between devices was as observed previously in Appendix B 
(Paper 2, Section 4.2). Stabilised materials were outside the range of 20-50MPa, but 
tended to display stronger correlations between the two devices. Chaddock (2007) 
measured a CC of 0.8 with an R2 of 0.76 on a slow curing slag, whilst on the A27 
Polgate Bypass a CC of 1.2 with an R2 of 0.77 on a lime and cement stabilised clay 
subbase. It is reasonable for one to consider than an R2 greater than 0.70 indicates a 
good correlation. 
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Table 4.2: Analysis of device correlations between LWD and FWD, 
 on an Oolitic Limestone capping. 
  No Limits  Limits Applied    
  LWD  LWD  % 
Section CC R2 No CC R2 No Orig 
               
1.1 1.105 0.099 45 0.911 -25.11 2 4%
1.2 1.143 0.005 45 1.226 0.942 3 7%
2.1 0.803 0.354 79 0.885 0.491 51 65%
2.2 1.341 0.790 14 0.901 0.208 9 64%
All 1.117 0.135 183 0.911 0.491 65 36%
     
Notes: 
Limits denotes FWD stiffness data between 20-50MPa included only 
CC denotes correlation coefficient (i.e. LWD/FWD) 
R2 denotes coefficient of determination 
No. denotes number of data points included 
% Orig. denotes percentage of original data points included after 
limits applied.
The GDP displayed an upper limit of around 80MPa (on top of the capping) on sections 
of crushed rock capping. The LWD to FWD correlation coefficient was between 0.9 and 
1.2 with the global value for all the data being 0.91 ( (Figure 4.4a). Whilst the CC 
suggests a good level of equivalence between the LWD and the FWD stiffness, the R2
values (at this site) clearly show that there is a large scatter in any one data set. It is 
unwise to convert a stiffness value from the LWD to the FWD at any one specific test 
location, It is more prudent to review the trend of a set of data instead.  
The correlation between LWD and FWD was observed to be material type and 
construction specific. For example, a CC of 1.68 was also observed upon a thin (65mm) 
asphalt surfaced pavement tested (Figure 4.4b). Therefore, the relationship between the 
LWD and FWD was particularly affected by the relatively thin and stiff upper layer
(Appendix C: Paper 3, Section 4). 
The LWD produced a higher Coefficient of Variance (i.e. the standard deviation divided 
by the mean) for any one test section than the FWD, which suggested greater sensitivity 
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of the LWD to some aspect of the material or surface condition (discussed further in 
Section 4.4.2).  
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Figure 4.4a: Correlation between FWD and LWD upon capping 
Figure 4.4b: Correlation between FWD and LWD upon thin asphalt surfacing 
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The material’s upper layer thickness and stiffness ratio (of E2 to E1) therefore affects the 
magnitude of the correlation between any of the devices. Figure 4.5 presents a simple 
two layer structure. When comparing CC (LWD and FWD) it was observed that when 
E1 was of similar order of magnitude to E2 then ELWD was approximately equal to EFWD, 
such as an unbound foundation upon a subgrade (i.e. 80MPa and 20MPa). However, 
when E1 was considerably stiffer than E2, ELWD was greater than EFWD, such as a thin 
asphalt surface over unbound foundation (i.e. 4700MPa over 80MPa) (Appendix C:
Paper 3, Section 4).  
300mm Diameter Plate 200mm Diameter Plate 
E1
H1              Zone of Significant 
    Stress 
  
E1
H1
E2
H2
  
E2
H2
Figure 4.5: Plate test zone of significant influence. 
The differences in stiffness measured by the FWD and the LWD are thought to be 
caused by the different depths of significant stressing and the different weight of the 
devices. Firstly, it is thought that the depth of significant stressing is smaller for the 
LWD than for the FWD, therefore a smaller deflection and hence higher composite 
stiffness is often calculated (assuming the upper layer is stiffer). The main reason is that 
the FWD loading rate is 35milliseconds compared to 20milliseconds with the LWD. 
Secondly, the FWD applies approximately 150kg preload compared to 20kg by the 
LWD. The additional preloading could act to increase confinement of the material.
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Upon coarse granular capping materials, the CC suggests a good level of equivalence 
between the LWD and the FWD stiffness. The LWD and FWD measure force and 
deflection in a similar manor to one another, which improves their compatibility. It is 
possible with the FWD and LWD to vary the applied stress, however the lowest stress 
feasibly applied by the FWD is 100KPa. 
4.4.1.2 Surface Contact and LWD Output Interpretation 
Plate contact and data quality are inter-related issues which were investigated as part of 
a review of the LWD. The upper surface of a well compacted 400mm layer of a coarse 
well graded crushed rock was disturbed by removing the material in one area to a depth 
of 5-10mm approximately as described in Appendix C: (Paper 3, Section 5). The LWD 
was then positioned in several locations deliberately causing ranging degrees of poor 
uniformity of plate contact (Figure 4.6). Subsequently, the uneven area was carefully 
filled (Figure 4.7) with a single size sand (nominal size 1.15mm, as is recommended for 
improving contact for static plate testing (BS 5950; BSI, 1999).
Figure 4.6: An example of poor surface contact between bearing plate and surface. 
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Figure 4.7: Sand used to provide a uniform surface contact below plate. 
The improved contact resulted in a 200% increase in composite stiffness (from 75MPa 
up to 145MPa) and the regularity of the curve data improved upon the increased surface 
contact (Appendix C: Paper 3, Section 5). Loose surface material affected repeatability 
of the composite stiffness measured. Poor surface contact caused vibrations through the 
handle of the device and lateral movement of the plate; however this is subjective and 
open to interpretation. Within this project, the approach adopted was to relocate and re-
test if the device was not able to seat after 3 seating drops. It was quite common for the 
first or second seating drop to exhibit poor contact and cause some vibrations, however 
by the third drop the seating had improved, based on the shape of the stress and 
deflection curve. 
The deflection and the stress trace output from LWD tests were investigated. 
Observations during use of the device suggested that the deflection traces against time 
were variable and influenced by factors such as plate surface contact, material type and 
construction.  
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An impact trace was deemed ‘good’ if the data trace was regular, uniform and formed 
smooth curves that did not spike (see Figure 4.8a). The loading curve in Figure 4.8a is 
smooth and the unloading curve is of similar shape. The deflection curve follows a 
similar pattern to the load curve. The timing of peak deflection related to maximum 
force is defined by the ‘phase relationship’. The peak deflection tends to occur 
following maximum applied force, the time between the two is termed ‘phase 
difference’ (the influences of which are discussed in Appendix B: Paper 2, Section 3). 
There is only a small phase difference between peak load and deflection and once the 
deflection trace returned to 0μm it only exhibits minor harmonic vibrations.  
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Figure 4.8a: Curve data showing ‘good contact’ data 
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Figure 4.8b: Curve data showing ‘poor contact’ data 
An impact trace was considered to be ‘poor’ when the load and deflection traces were 
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curve presented has two steps with a change in gradient at approximately half way along 
the curve. At the same time as the change in gradient (with only a small phase 
difference) the deflection curve peaks, decreases towards 0μm and then peaks again 
close to the load peak. This suggests that a two staged impact has occurred, where the 
load plate is jolted during loading causing a second impact such as when there is poor 
surface contact as demonstrated in Figure 4.6. 
The 400mm depth of granular material discussed above was excavated to a new level, 
removing around 100mm of aggregate (Appendix C: Paper 3, Section 5). A well graded 
(slightly gravely) sand, known as concrete river sand, was then applied in a 100mm 
layer and compacted in stages, with LWD tests carried out at each stage. The peak 
deflection measured on poorly compacted material was reported to the right of a smaller 
peak which was close to the maximum force (Figure 4.9). The second, larger peak was 
out of phase and is thought to be a product of vibrations or poor contact caused during a 
‘poor’ test, falsely increasing the deflection interpreted. Once the material was well 
compacted and a level surface was achieved, the contact trace improved. The peak 
deflection also coincided with the maximum force (with a small phase difference), 
whilst the ‘tail’ of the trace that originally formed the peak deflection in the 
uncompacted material reduced from >600μm to <50μm (Figure 4.9). The reduced 
deflection indicated some compaction from drop to drop on the poorly compacted 
material, as would be expected indicating permanent deformation. Peak deflection 
therefore includes both plastic and elastic deformation.  
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Figure 4.9: Example of LWD deflection traces for a sand layer with increasing 
compactive effort. 
Findings from this investigation were used to develop interpretation procedures for the 
LWD adopted throughout the research. Three pre-compaction drops were performed to 
seat the bearing plate. If the plate was well seated and a ‘good’ impact trace was 
indicated, then the test would continue. However, if the plate was unable to seat 
sufficiently and the impact trace was poor (the peak in load and deflection tend to be out 
of phase with one another), the device was repositioned and seating drops repeated. The 
full test procedure adopted is discussed in Section 4.4.2. 
4.4.1.3 Repeatability 
The repeatability of the LWD device was investigated observing its performance as a 
complete unit, looking for potential causes of variability as a result of systematic errors 
and to support the use of the LWD at a reliable means of assessing stiffness. Assessing 
repeatability of the device on natural materials such as granular materials or clay 
subgrades was considered to be complicated by their natural variability in performance 
and stress-sensitivity. For this reason, the repeatability was measured by testing two 
different materials exhibiting repeatable elastic stiffness properties and that were 
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resistant to permanent deformation. Two conditions were assessed, in the first a 20mm 
synthetic rubber sheet was tested upon a concrete slab alone, in the second condition the 
concrete slab was tested directly. 
At an applied stress of 100KPa typically a COV of 8% was calculated on the rubber 
sheet (condition 1) with a mean stiffness of 53MPa. Upon the concrete floor (condition 
2) a COV of 1% was calculated with a mean of 2235MPa. Reproducibility of the test 
was also reviewed using a similar methodology. The repeatability tests were regularly 
performed on the rubber sheet throughout the project. This also served as a form of 
calibration to identify variation in the measurements, attributed to systematic errors in 
the device. 
A similar study was performed at Scott Wilson Pavement Engineering, over a series of 
five separate test sessions (over a time frame of five months), on a 200mm thick indoor 
concrete slab (4m x 5m in plan) used to assess the repeatability of the FWD deflections 
measurement. Between 20-30 drops at a target stress of 145KPa were applied during 
each session and the composite stiffness for each drop calculated. The mean composite 
stiffness, standard deviation and COV for each session are presented in Table 4.3. The 
COV of each test session ranged between 0.7% up to 3.0%. The COV of all the stiffness 
values recorded during the five separate test sessions was 7%. 
Assuming that the stiffness of the concrete slabs assessed in this investigation remains 
stable this repeatability analysis would suggest that no more than 8% COV (a 
conservative estimate) should be attributed to the systematic variability in the LWD.  
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Table 4.3: Repeatability analysis of the LWD. 
Test Date Mean 
Applied 
Stress 
(KPa) 
Mean 
Deflection 
(um) 
Mean 
Ecomp
(MPa) 
Standard 
Deviation 
(MPa) 
COV Number 
of drops 
30/03/2007 141 49 763 17 2.3% 20 
29/05/2007 145 48 672 5 0.7% 20 
14/06/2007 143 45 719 18 2.4% 29 
25/06/2007 144 50 649 14 2.1% 20 
25/07/2007 144 49 660 20 3.0% 24 
   
    
Mean of all drops 692    
Standard Deviation 48    
COV 7%    
    
Notes:      
COV denotes Coefficient of Variance (Standard Deviation/Mean) 
4.4.1.4 Accuracy 
According to the manufacturer, the LWD’s load cell is calibrated between a range of 1-
15 KN with an accuracy of 1% +/- 0.1 KN. The geophones are calibrated for a range of 
0-2200 microns with an accuracy of +/- 2 %. The relative accuracy of the central 
geophone (Geo 1) was assessed. It was compared against two additional geophones 
which replaced Geo 1. In the first experiment, 20 drops were performed upon the 
laboratory concrete floor at 100kPa stress. Geo 1 was then replaced with Geo 2 (same 
specification) and the test was repeated. The mean composite stiffness measured with 
Geo 1 was 2235MPa with a COV of 1%.  The mean composite stiffness measured with 
Geo 2 was 2249MPa with a COV of 1%. A difference in composite stiffness measured 
by the two geophones was 0.6%.  It must be stated, however, that the deflection 
measured was consistently 10 microns throughout the 40 drops and the difference in 
composite stiffness measured was a result in variability in force applied (COV of 1%).  
A similar exercise was performed on thinly surfaced asphalt where greater deflections 
were expected to be measured (it was considered that 10 microns was at the very limit 
of the device’s calibrated range). This time the three geophones were placed side by 
side 200mm from the centre of the bearing plate. The stress was increased to 200KPa 
with a 300mm diameter bearing plate. The geophones recorded deflections of 40 
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microns +/- 1. The purpose of this test was to prove that the geophones would measure 
the same deflection under the same conditions, thus demonstrating reliability. 
4.4.2 Field Testing 
In situ field performance testing was performed on a sandy gravel capping sample from 
the M6 Toll. Other field performance test results were made available for comparison 
purposes from the large database of field testing collected during previous research 
projects, which are discussed in Appendix D (Paper 4, Section 3). The performance 
tests included LWD, DCP and Clegg Hammer. Material samples of both subgrade and 
capping material were taken for further laboratory classification and performance 
assessment in the laboratory assessment test. 
Testing was performed at three sections along the site, upon an exposed subgrade, a 
section of 250mm capping, and a section of 600mm capping. Five test locations at 5 
metre centres on the exposed clay (with some gravel) subgrade were initially assessed. 
Three positions were tested with the LWD and Clegg hammer at each location to 
measure local variability, and three locations were tested with the DCP. There was no 
FWD testing performed. Five test locations were then assessed upon a 250mm capping 
layer to measure the improved composite stiffness and expected reduced variability. 10 
test locations were then assessed upon a 600mm thick capping of the same material. The 
LWD testing was performed at a contact stress of 100KPa with a 300mm bearing plate. 
Three seating drops were performed at target stress, and then three further drops at 
progressively increasing stress, ranging between 40KPa and 100KPa.  
Two more sites were visited to measure foundation performance and for material 
sampling, including sites in Widnes and Tilbury docks. At Widnes, testing was 
performed on a cement-stabilised material. Stiffness was measured by LWD and 
strength was measured by the DCP device at 7 day intervals over a 14 day period whilst 
the material cured. At Tilbury, the planned construction required the assessment of an 
existing sub-base beneath an old concrete slab. Two large areas were prepared, whereby 
the slab was removed, and the GDP and FWD utilised to assess the stiffness which 
would indicate any remedial works required. The series of trials at this site showed a 
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correlation coefficient of between 0.5 and 0.74, with some significant scatter. The 
materials at these sites were not suitable for further testing in the laboratory, but they 
provided valuable site experience, which also included a performance specification in 
use, site construction methods, and operational training of the test devices. 
Further site experience was gained with Scott Wilson Pavement Engineering on a 
variety of sites, including pavement investigations within road closures on numerous 
live carriageways, foundation assessment with the LWD, concrete floor investigation, 
and client representation at a pavement reconstruction project. Testing included DCP, 
LWD and trial pitting, whilst also assisting with FWD, coring and supervision of the 
investigations. This experience gave a better understanding of the research project, 
appreciation of its industrial context and implications in practice.  
The raw data output from an LWD test includes force, pressure, pulse time, deflection 
and surface stiffness. The LWD measures force (via a load cell, kN) and velocity (via a 
velocity transducer, m/s2), against pulse time (see Figure 4.8). The applied stress is then 
calculated from the measured force versus loading plate diameter and deflection is 
integrated from the measured velocity. The stiffness at the surface of the foundation is 
then calculated from Equation 3.2. An example of a typical LWD test results is 
presented in Table 4.4.  
Table 4.4. Typical raw LWD test data from a test location 
Force(kN) Press(kPa) Pulse Time(ms) D1(um) E1(MPa) 
7.1 100.3 20.5 956 24
7.4 104.8 20.3 770 31Pre-compaction 
7.3 103.2 20.3 749 31
3.6 50.3 24.0 452 25 
4.9 68.7 22.3 556 28 
7.4 104.4 20.0 718 33 Measured Drops 
7.4 104.3 20.3 722 33 
Mean 7.4 104.3 20.1 719.8 32.6
Std. Deviation 0.0 0.1 0.2 2.9 0.2
COV 0.1% 0.1% 0.9% 0.4% 0.5% 
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The first three test drops are performed in order to seat the bearing plate to improve 
surface contact, although they are discarded from the analysis. The example in Table 4.4 
shows results for a test to investigate a capping materials stress sensitivity. The stress is 
increased in 30kPa nominal increments and the change in stiffness measured. Figure 
4.10 presents a graphical representation of stress sensitivity measured on a capping 
material. A Power equation is derived for the relationship between applied stress and 
composite stiffness as Equation 3.1. Test drop six and seven in this example were 
performed at a nominal 100kPa applied stress. The mean of these two values is 
calculated and used to describe the stiffness at the test location. 
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Figure 4.10: Stress sensitivity analysis from an LWD test on  
a capping material in the laboratory 
It was observed at the M6 Toll site that the magnitude of stiffness did not necessarily 
increase upon installation of the capping material. In the instance of a subgrade of 
higher than average stiffness the capping layer above could cause a reduction in 
composite stiffness as demonstrated in Figure 4.11 (Appendix D: Paper 4, Section 2, 
Field Tests). The variability, indicated by Coefficient of Variance (COV) of the capping 
composite stiffness would decrease, because it is a more engineered and controlled 
material than the natural subgrade (Figure 4.11). An example of this reduction in COV 
is given in Appendix D (Paper 4, Section 3). Figure 4.11 presents a profile of stiffness 
for the three sections of the M6 Toll tested with the LWD. It presents the three tests 
performed at each location showing the degree of localised variability in stiffness as 
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well as the variability in stiffness along the total length of the test section. The stiffness 
values presented are for a normalised stress of 100KPa.  
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Figure 4.11: Normalised stiffness profiles from LWD tests performed at the M6 Toll on 
(a) subgrade, (b) 250mm sandy gravel capping, and (c) 550-650mm sandy gravel 
capping. (Error bars = one standard deviation for three adjacent tests) 
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The composite stiffness measured upon a gravely clay subgrade at the M6 Toll ranged 
between 12-57MPa, with a mean value of 28MPa and a COV of 55% (n=15). The 
stiffness range decreased to between 25-48MPa upon a 250mm sandy gravel capping, 
with a mean composite stiffness of 35MPa and a COV of 21% (n=15). The COV of the 
capping stiffness measured was significantly lower than the COV of the subgrade 
stiffness measured, which demonstrates the greater consistency offered by the capping 
material compared with the subgrade. During field trials to compare devices for 
measuring in situ stiffness Fleming et al. (2000) and Frost (2000) found that the typical 
range of COV for stiffness measured by the FWD and the LWD ranged between 25-
60% when testing a clay subgrade and ranged between 10-40% when testing a granular 
capping. The in situ measurements at the M6 Toll site fell within these ranges of COV, 
and thus agreed with earlier findings. The Clegg followed a similar trend in reduction in 
variability of IV values from in situ subgrade measurements to in situ capping 
measurements. 
The section of 600mm nominal capping thickness demonstrated large variability both 
along the length of the section (global variability, COV 36% comparing all test points) 
and within the close set of repeat tests at each test location (local variability, COV 
Range between 10-60%). The test point at CH 16650 exhibited the greatest local 
variability between the three positions: which measured 40MPa, 103MPa and 162MPa. 
The range of stiffness was much larger than at the other 9 test positions. If this one 
location was treated as an anomaly then the range of COV would reduce to 10-37%. 
The Clegg also measured a larger range of measurements at CH 16650 which supports 
the assumption that it was variability in the performance of the material at the test 
location rather than errors from the device. Possible reasons for the variability observed 
in the stiffness measured along these test sections includes: changes in water content, 
which could not be measured in situ for contractual; variable layer thickness across the 
50m length tested (supported by the DCP test data showing resistance to penetration 
along the site and with depth); incomplete compaction  of the capping, thought to be 
caused by the use of a sacrificial layer for construction trafficking and additionally  
zones of variable permanent deformation were observed from the construction traffic 
suggesting variations in strength (likely to be caused by variable water content and 
compaction effects). 
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Table 4.5: Field test data from compaction field trials in the United Kingdom 
Site Material Layer Thickness ρdry Ecomp Number DCP 
No Description Type mm Mg/m3 MPa of tests % CBR 
1 Glacial till Subgrade - - 16-44$ 12 3-3.5 
2 Very soft sandy silty 
clay 
Subgrade - - 19$ 6 2-6 
3 Mercia Mudstone Subgrade - - 37-65$ 12  15-100 
 Granodiorite (Type 1) Sub-base 150 1.91-1.98 42-46$ 6  8 
4 Soft to firm clay Subgrade - - 12-57+ 15 10-21 
 Sandy gravel (6F2) Capping 250 
600 
- 
- 
25-48+ 
35-192+ 
15 
30 
22-52 
37-105 
5 Mudstone (6F2) Capping 300-600 1.66-2.04 50-120+ 120 9-30 
6 Crushed concrete 
with 5% rubble (6F2) 
Capping 395 
285 
1.68-1.85 
1.64-1.86 
151-163+ 
119-209+ 
17 
13 
45-65 
17-23 
Notes: 
DCP = Dynamic Cone Penetrometer         CBR = California Bearing Ratio (% CBR) 
Ecomp = Composite stiffness (MPa)         ρdry  = Dry density (Mg/m3) 
$ = Falling Weight Deflectometer             + = Portable Dynamic Plate Test                
100kPa contact stress applied  
Figure 4.5 presents in situ data collected from field trials in the United Kingdom. The 
table presents only brief summary examples of stiffness (from dynamic plate tests) and 
strength (drop the DCP) ranges from five different sites, with different foundation 
constructions (i.e. material type and thickness), on subgrade layers and on capping 
layers. The results show that stiffness and CBR both tend to increase when the layer 
thickness increased. The wide range of results (i.e density, stiffness and CBR) reflects 
the difficulties posed during field testing on live sites, such as: variability in 
construction thickness; material grading variability; changes in water content across the 
site; unknown stress history of the materials; the often incomplete state of the layers 
available for testing; and the difficulty in obtaining density and water content 
measurements. More of these issues are discussed in Appendix A, Paper 1. 
The principle of the DCP test is to measure the rate of penetration of a cone being 
driven through the ground by a dynamic impact whilst also measuring how the rate 
changes with depth. Table 4.6 presents an example of a typical DCP test through a 
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250mm capping upon a clay subgrade. During each test the number of blows and the 
depth of penetration per blow are recorded. The rate of penetration decreases as more 
resistance is offered by a layer and vice versa.  
Table 4.6 Example of raw data from the DCP 
No 0f Reading Sum of mm/Blow CBR Depth
Blows  (mm) Blow   % (mm) 
0 161 0  0.0 0
1 203 1 42.0 3.6 42
1 228 2 25.0 7.0 67
1 245 3 17.0 11.4 84
1 256 4 11.0 19.8 95
1 269 5 13.0 16.0 108
1 281 6 12.0 17.7 120
1 294 7 13.0 16.0 133
1 304 8 10.0 22.3 143
1 310 9 6.0 42.6 149
1 317 10 7.0 35.1 156
1 329 11 12.0 17.7 168
1 338 12 9.0 25.5 177
1 346 13 8.0 29.6 185
1 357 14 11.0 19.8 196
1 369 15 12.0 17.7 208
1 378 16 9.0 25.5 217
1 388 17 10.0 22.3 227
1 396 18 8.0 29.6 235
1 408 19 12.0 17.7 247
1 420 20 12.0 17.7 259
1 437 21 17.0 11.4 276
1 457 22 20.0 9.3 296
1 486 23 29.0 5.8 325
1 573 24 87.0 1.4 412
1 661 25 88.0 1.4 500
1 695 26 34.0 4.7 534
1 850 27 155.0 0.7 689
The CBR inferred from the DCP evaluated tended to increase with increasing material 
thickness, believed to result from increasing the material confinement (Table 4.5). 
Changes in resistance to penetration, between capping material and subgrade, are 
readily measured by the DCP. A clear change in the rate of penetration can be observed 
between the layers of capping and subgrade (Figure 4.12). Care must be taken in 
interpretation of the results, notably the upper most surface of the material and the 
resistance caused by large particles, due to low confinement at the surface, the first 
50mm of penetration being ignored.  Large particles caused peaks in rate of penetration 
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which were carefully evaluated during data analysis and some peaks could be omitted 
from the data, or the mean value calculated as an example. The CBR inferred from the 
DCP were compared to the requirements for capping (>15%) and sub-bases (>30%) in 
the Design Manual for Roads and Bridges HD25/94 (DMRB, 1994). The upper 250mm 
layer in Figure 4.12 therefore indicates a capping material meeting this requirement of 
>15% CBR. 
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Figure 4.12: Typical DCP profile of CBR/Depth, 
sandy gravel capping upon a clay subgrade 
Material grading appeared to affect strength and stiffness measured on site. The good 
quality crushed rock, similar to that used in the Type 1 laboratory sample, measured 
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lower range of stiffness in the field compared to the other samples (Table 4.5). This 
would be expected because Type 1 subbase materials have stricter limits on grading, 
better durability and particle strength requirements than capping and general fill. 
4.4.3 Laboratory Test Development 
A 1m x 1m x 0.5m deep (internal dimensions) test mould with steel panels fixed within 
a box section frame provided reinforced mould walls and base (Figure 4.13). This 
provided rigidity to the mould during construction of the foundation. A 400mm thick 
foundation required approximately 800-1000kg of sample. The ratio of mould size to 
maximum particle size was 8:1, which is between the limits of 4:1 and 10:1 
recommended by Sweere (1990), allowing a sample with full range of capping particle 
sizes. The mould was fitted with lifting eyelets to allow it to be moved around the 
laboratory by means of a pendant operated beam crane. A second mould of the same 
specification was constructed, enabling reproducibility of the test method to be 
evaluated by constructing a foundation of the same specifications in both moulds and 
comparing the data. 
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Figure 4.13: The laboratory test mould with petrol vibrating rammer. 
A synthetic subgrade was selected because it possesses desirable properties of 
durability, repeatability (at a constant temperature) whilst also performing elastically 
and avoiding permanent deformation. Two base conditions were chosen; a stiff base 
condition was achieved by constructing the foundation directly onto the steel base of the 
mould and a soft base condition was achieved by constructing the foundation upon a 
thin synthetic rubber sheet over a drainage layer and the steel base of the mould (Figure 
4.14).  More detail of the base conditions is presented in Appendix D: Paper 4, Section 
3. The stiff base condition gave a composite stiffness greater than 200MPa and the soft 
base condition achieved a composite stiffness of 40MPa. The soft base condition was 
similar to a subgrade with a CBR of <4% and typical of the subgrade stiffness measured 
in the field (Table 4.5). 
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Figure 4.14: Laboratory test apparatus set-up schematic showing test mould, synthetic 
subgrade base, orientation of layers and test methods. 
The volume of water required to achieve full saturation was based upon the percentage 
of air voids calculated from laboratory vibrating hammer compaction tests and 
measurement of compacted sample bulk density and water content (Figure 4.15). A full 
description of the methodology adopted for calculating the mass of water required to 
achieve full saturation is presented in Appendix F: Draft test protocol, Section 3.6.3. 
To simulate heavy rainfall, water was applied to the surface of the foundation so that a 
head of water was created, which helped the water permeate through the sample. The 
sample was tested once the surface water had drained into the foundation. Impermeable 
plastic sheets were placed at the surface of the sample to limit evaporation. Control of 
drainage was achieved with taps attached to drainage holes at the base of the mould. 
The taps could then be opened to allow the excess water to drain through the base of the 
mould. The flow rate of water was higher for the crushed concrete sample than the 
sandy gravel. The crushed concrete contained less fine particles than the sandy gravel, 
thus its permeability was higher, derived to be 1.2 x 10-4 m/s. The water discharged too 
slowly through the sandy gravel to derive permeability based of rate of discharge from 
the mould. 
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Figure 4.15: A typical compaction test result plot with dry density versus water content. 
4.4.4 Laboratory Preparation Methods  
Sample grading and water content were key variables to control in order to achieve the 
desired foundation conditions in the laboratory. Careful monitoring of the material 
mass, layer thickness and hence density, was also required during installation and 
compaction. These techniques were developed and evolved over a period of time and 
through specific compaction trials. A sample preparation flow chart is presented in 
Appendix F: Draft test protocol. 
To achieve optimum water content, sample preparation methods involving wetting (with 
a large capacity mixer) or drying of samples (natural air drying) from the as-delivered 
water content were required. The optimum water content (owc) was derived from a 
standard laboratory compaction test. Water content control was very important and 
required careful measurement. Water content samples, typically 3kg in accordance with 
BS 1377-2 (BSI, 1990) were taken before, during and after wetting to determine the 
quantity of water required to achieve owc, and for quality control. If the sample was 
more than +/- 0.5% of owc after preparation, then the sample was either left to dry or 
more water applied (Appendix F: Draft test protocol, Section 3.3.2). It typically took 
0% air voids
10% air voids
Max dry 
density
Optimum 
water content
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three hours to prepare the sample for each layer of the foundation in the laboratory, 
including water content sampling. The methodology evolved to prepare and construct a 
layer per day with stiffness measured immediately after construction and then retested 
24 hours layer. Therefore it took a minimum of four days to construct and test a capping 
sample (before assessing moisture susceptibility). The length of time the tests took 
during the research project is a reflection of the care taken to investigate the 
experimental work fully, minimise the chance of errors and provide good quality 
results. Following on from this research work it would be appropriate to reduce the time 
taken for a test, depending on the permeability of the material under investigation – for 
a water susceptibility test. For example, it may be necessary to perform the test over a 
number of days or weeks if the sample is of very low permeability (as described is 
Appendix F, ‘Advanced Test’). Whereas if a sample of high permeability, e.g. a free 
draining gravel, was being assessed then it could be performed within 1 – 3 days. 
Sample preparation time is another controlling factor on the duration of a test and 
within a commercial organisation it is expected that a larger mechanical method to mix 
the material, and possibly more personnel utilised to prepare the material in bulk prior 
to assessment in the laboratory mould, would streamline the process and reduce the 
overall time. Testing samples in parallel (i.e. increasing number of test moulds) would 
increase the number of tests that could be performed, thus effectively reducing the time 
it takes to test. It is also the level of complexity of the test performed that will determine 
the test duration. If the material was only to be assessed at optimum water content then 
the number of test that could be performed per unit time would increase vastly. It is 
prudent that the approach taken during the assessment test closely follows similar 
processes adopted in the proposed construction, e.g. layer thickness and materials water 
content. 
Placement and compaction, once the material has been prepared, requires careful 
management of the masses required for each layer, provision of an even surface and 
compactive effort to achieve close to the maximum dry density (typically equal to or 
greater than 95% of the target maximum).  
Three different methods of compaction were investigated including vibrating hammer, 
vibrating tamper, and hand tamper. It was not practical to use roller compaction, 
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therefore the material did not undergo the effects of kneading. A hand tamper was too 
light to fully compact the material. It was, however, found to be useful for initial sample 
compaction and then following compaction, to achieve a level surface. A compaction 
trial was performed in a 0.4m x 0.4m x 0.4m deep box to evaluate compaction with the 
vibrating hammer to determine its efficacy at achieving target densities. The trial was 
then scaled up to the 1m x 1m x 0.5m deep mould, where a crushed concrete and a 
mudstone sample were evaluated. The vibrating hammer was found to cause 
degradation of the particles, and workability issues arose limiting the length of time an 
operator could use the hammer for.  
A 56kg petrol vibrating rammer (Figure 4.13) was found to be a suitable method of 
compaction capable of achieving 100% target dry density (for the 400mm foundation) 
derived from laboratory tests. Guidance on the number of passes required to compact 
the material was taken from MCHWa (2005). The material was compacted in 100mm 
layers to a total thickness of 400mm. In accordance with Table 6/4 of MCHWa (2005) 
four passes of the vibrating tamper were applied. Following the four passes, a pass with 
the hand tamper was sufficient to level off the surface. This methodology was sufficient 
to achieve the target density whilst not over-compacting the material and causing 
significant particle deterioration. However, the petrol rammer had to be operated outside 
the laboratory due to the emissions generated and therefore compaction had to be 
performed in dry weather. An electric rammer (Figure 4.16) was therefore sourced so 
that the work could be performed within the laboratory while achieving 100% target 
density (for the 400mm foundation).  
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Figure 4.16: The electric vibrating rammer compacting layer of 
capping material within the laboratory test mould. 
4.4.5 Materials Assessed 
Four samples of capping material were tested in the laboratory. They were selected to 
represent marginal, recycled and standard unbound granular materials used within a 
pavement foundation. The samples were collected from stockpiles during field 
investigations. Stiffness and strength were measured upon the same material in situ. A 
granodiorite was used to provide a performance benchmark from a good quality crushed 
rock. 
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Table 4.7: Summary of the laboratory test conditions capping samples evaluated. 
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Material Classification 6F1 6F2 6F2 Type 1 
Max. Dry Density (Mg/M3) 1.95 1.95 2.18 2.2 
Optimum Water Content 
(%) 12 8 7 4.5 
    
Number of layers 3 3 4 4 
Layer thickness (mm) 150 150 100 100 
Total Thickness (mm) 450 450 400 400 
Compaction Method Vibrating 
Hammer 
Vibrating 
Hammer 
Petrol$ + electric* 
Rammer 
Electric 
Rammer 
Number of sample 
foundations tested 2 2 3 4 
    
Test Condition Number of samples tested under test condition
(1) Stiff base – owc 1 1 1$ + 1* - 
(2) Stiff base – saturated 1 1 1$ + 1* - 
(3) Stiff base – drained 1 1 1$ + 1* - 
(4) Soft base – owc 1 1 1 4 
(5) Soft base – saturated 1 1 1 3 
(6) Soft base – drained 1 1 1 3 
    
Notes:
1$ denotes sample compacted with petrol vibrating rammer 
1* denotes sample compacted with electric vibrating rammer 
owc denotes optimum water content obtained from laboratory compaction test BS 5835.
Table 4.7 summaries the six conditions under which the four samples were evaluated in 
the laboratory assessment test. It describes the samples by material classification, 
maximum dry density and optimum water content. It defines the number of layers, layer 
thickness, overall thickness of the foundation prepared and method of compaction. 
Appendix F: Draft test protocol, Section 3.6 discusses test order and test locations 
within the mould. The sequence of testing was important; for example the LWD was 
less destructive to the surface than the DCP and Clegg which cause some disturbance to 
the surface, and in the case of the Clegg Hammer, some significant permanent 
deformation (1-5mm) was observed.  
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4.4.6 Summary Results 
4.4.6.1 Laboratory Boundary Effect 
Samples of capping materials were constructed upon two base conditions in the 
laboratory mould to represent a substrate of >200MPa (stiff base) and 40MPa (soft 
base), in order to simulate a low and a very high subgrade stiffness. The aim of this 
investigation was to measure how the composite stiffness (measured at the surface) 
changed as the capping material layer thickness increased, and see how this was 
influenced by the two very different base conditions. Three capping materials were 
investigated in this manner, including the crushed concrete, mudstone and sandy gravel. 
Typically the composite stiffness increased as the layer thickness increased, from a 
nominal thickness of 100mm up to the maximum thickness tested in the laboratory of 
450mm, irrespective of the underlying base stiffness. The composite stiffness of the 
capping layer was stiffer upon the stiff base than the soft base, as one would expect. A 
convergence between the two lines (representing stiff base and soft base) would be 
expected as the layer thickness increased, to a point where there would appear to be no 
significant effect from the base upon the composite stiffness of the capping materials. 
This behaviour was observed for the tests on the crushed concrete. Figure 4.17 presents 
the mean composite stiffness value from five test positions across the surface of the 
crushed concrete capping material (upon each layer), showing how the composite 
stiffness increased as the layer thickness increased. The increase in stiffness with 
thickness upon the stiff base was smaller for each layer than for the soft base, i.e. 
although the actual magnitude of capping stiffness was higher on the stiff base, the rate 
of change was lower compared with the soft base. Figure 4.18 shows that the series of 
tests on the mudstone sample exhibited similar results to the crushed concrete, although 
the stiffness of the final layer upon the stiff base appears to have decreased, causing a 
cross-over, thought to be a result of poor sample preparation to the final layer, such as 
the material being too wet. Error bars, representing one standard deviation, highlight the 
spread of composite stiffness measured across the surface of each layer in Figures 4.17, 
4.18 and 4.19. The error bars decreased as the layer thickness increased (crushed 
concrete), upon the stiff base, and remained relatively low upon the soft base. The error 
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bars remained constant throughout testing the mudstone, with the exception of the tests 
on the 100mm thick layer upon the soft base where the standard deviation was 0. 
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Figure 4.17: The mean composite stiffness of the crushed concrete capping sample 
constructed on the stiff and soft base with increasing capping thickness, including error 
bars of one standard deviation. 
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Figure 4.18: The mean composite stiffness of the mudstone capping sample constructed 
on the stiff and soft base with increasing capping thickness, including error bars of one 
standard deviation. 
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Figure 4.19: The mean composite stiffness of the sandy gravel capping sample 
constructed on the stiff and soft base with increasing capping thickness, including error 
bars of one standard deviation. 
Upon the soft base the composite stiffness of the sandy gravel material increased as the 
layer thickness increased, as observed with the previous materials. However testing 
upon the stiff base yielded different results where the composite stiffness was found to 
reduce as the layer thickness increased, which resulted in a cross over of the plotted 
stiffness lines (Figure 4.19). A repeat test was performed to investigate this result, and 
the same behaviour was observed, both by the LWD and the GDP. A convergence of 
the stiffness versus thickness line would be expected for a material at the same layer 
stiffness upon two different base conditions. There was a large range of stiffnesses 
measured upon each layer for the five positions, at a nominal COV of 30% (i.e. the 
standard deviation expressed as a percentage of the mean), which was higher than in the 
two previous tests. This variability was thought to be, in part, due to the actual 
variability of the granular material, similar to previous fieldwork findings where tests 
were carried out immediately adjacent. It also highlighted the likelihood of the 
boundary effects from the relatively stiff side walls during plate tests influencing the 
stiffness results. This finding led to an investigation of how the proximity of the LWD’s 
bearing plate to the side wall would affect the stiffness measurement. 
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In order investigate this contrast in behaviour (only observed with the sandy gravel 
material) and propose possible explanations, a linear elastic model was used to represent 
the laboratory test. A linear elastic model assumes that the material behaves linear 
elastically (i.e. the strain is proportional to the stress for a given stiffness) and that the 
applied load is static. Although granular materials can behave non-linearly, at increasing 
deviator stress, and indeed were loaded dynamically, the model was still considered 
adequate for this purpose as it is widely used in pavement foundation design. The 
results of the linear analysis are presented in Figure 4.20 with four conditions simulated 
including; two base stiffness conditions of 40MPa and 200MPa; and two capping layer 
stiffnesses of 50MPa and 100MPa. It is clear from Figure 4.20 that if the base condition 
stiffness is greater than that of the capping materials layer stiffness, the composite 
stiffness (of the two layers) will decrease as the layer thickness increases from 100 to 
the proposed 400mm. Conversely, if the base condition stiffness is less than that of the 
capping materials layer stiffness, the composite stiffness (of the two layers) will 
increase as the layer thickness increases. Therefore in Figure 4.20 the two red lines 
converge, as do the two blue lines. However, the blue dashed line (i.e. 50MPa capping 
upon 200MPa stiff base) crosses the red line (i.e. 100MPa capping upon 40MPa soft 
base). As such for the two lines to cross, rather than converge, the capping sample upon 
the stiff base would have to display a  lower material layer stiffness than upon the soft 
base.  
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Figure 4.20: The composite stiffness of capping modelled by multi-layered  
linear elastic analysis on stiff and soft base with increasing capping thickness 
The results of the linear elastic analysis agreed with the trends found from tests of 
capping material upon the soft base, where the composite stiffness increased as the 
capping thickness increased. However, the results of the linear elastic analysis did not 
match the trends found from the tests of the capping material upon the stiff base, in 
particular the sandy gravel material. To investigate this finding a discussion is presented 
of how the mould’s base stiffness affected material confinement, compaction and 
capping stiffness. It is considered that more confinement could be afforded to a layer 
after compaction on the elastic (soft) base condition, as more particle reorientation 
during compaction may occur than on a rigid base. Compaction of the capping material 
directly onto the stiff base of the mould wouldn’t allow such particle reorientation due 
to its rigid surface, causing a region of poorly confined material at the base. The layer 
stiffness of the capping material would therefore be lower than expected, with the 
composite stiffness higher due to the effect of the near rigid base and this effect mass 
the lower compaction and hence lower stiffness of the granular material near the base. 
In contrast to the crushed aggregates reported previously, the sand and gravel is 
comprised of site won material that was not processed in any way other than screening, 
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and the majority of the gravel was of a sub-rounded and sub-angular nature, which 
would tend to reduce the potential for interlock and hence dilation during shear. 
In addition, It was also observed that when the first 100mm layer of capping material 
was compacted, the material tended to get shaken around as the compaction energy 
from the vibrating rammer rebounded upwards. This return of energy causing the 
material to move around did not occur once the second layer (i.e. 200mm total 
thickness) was installed. The soft base was more influenced by this effect, which may 
have reduced the stiffness of the capping during the installation of the 100mm and 
200mm thick layers. It was also difficult to measure the composite stiffness of a 100mm 
thick capping layer upon the soft base condition in the laboratory. The deflection 
recorded by the LWD was greater than the calibrated range of the device. However, it 
was possible to test upon a 150mm thick layer of capping. Practical observations during 
construction suggested that the material was not readily compacted at a layer thickness 
less than 150mm. therefore practical reasons it is proposed that a minimum layer 
thickness above the soft base condition should be no less than 150mm. 
The side walls of the mould (boundary condition) were found to influence the measured 
composite stiffness if the edge of the LWD bearing plate was less than 120mm from the 
side wall. A 15-100% increase was observed in controlled testing in the mould on the 
granodiorite Type 1 sample when the edge of the plate was 50mm from the wall. 
However, with the edge of the plate more than 200mm away from the side wall there 
was no increase in composite stiffness. Test positions 1-4 were located to ensure the 
edge of the bearing plate did not encroach within 120mm of the side walls. A test 
performed at the centre position was not affected by any side wall boundary conditions.  
4.4.6.2 Laboratory Stress Sensitivity 
The LWD device was fitted with a 300mm diameter plate with the geophone contacting 
the material surface. The device was positioned ensuring good surface contact and three 
pre-compaction drops at 100kPa stress were applied to seat the plate firmly. Four 
further drops were then applied, one at 40kPa, one at 70kPa and two at 100kPa contact 
stress. A power equation was then fitted to the curves of stress verses stiffness, (as per 
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the k-theta model Equation. 3.1), and produced a k2 constant at each test position 
(Figure 4.10). The bulk stress value (theta) was replaced by the plate contact stress 
applied. 
The sandy gravel and granodiorite samples were both found to be stress sensitive: with 
the magnitude of stress applied during testing having a significant effect. The 
granodiorite was found to be more stress sensitive than the sandy gravel (Appendix D: 
Paper 4, Section 4 & 5) which was supported by Edwards et al. (2005) who tested both 
materials in the Springbox, although they excluded particles greater than 31.5mm. The 
k2 values calculated, based on the LWD test, were between 0.4 to 0.9 for the 
granodiorite, compared to 0.0 to 0.4 for the sandy gravel. Stress dependency is 
important in foundation thickness design calculations. Over-stressing a stress sensitive 
material during in situ evaluation would overestimate the composite stiffness measured, 
thus a design using such values would be under-designed. Conversely, under-stressing 
such a material during evaluation would underestimate the composite stiffness of a 
foundation causing an over-conservative design. 
4.4.6.3 Effect of Sample Saturation 
Changes in water content of coarse granular materials after compaction affected the 
composite stiffness measured. A decrease in composite stiffness of up to 30% was 
measured upon saturating the sandy gravel. Allowing the water to drain at the base and 
dry from the surface caused the composite stiffness to increase almost three times the 
pre-saturated composite stiffness (Appendix D: Paper 4, Section 4  & 5). The strength 
also increased from 50% to 300% CBR. Excavation of the material from the laboratory 
mould at the end of the test found that there was preferential drying from the top, within 
the first 150mm (Figure 4.20). It is proposed that the greatest negative pore pressures 
are created here (for the sandy gravel specifically) although these were not measured 
directly. An increase in negative pore water pressure results from a decrease in water 
content, causes an increase in effective stress and hence composite stiffness measured. 
Conversely, as the material becomes saturated, pore water pressures increase, reducing 
effective stress and hence composite stiffness decreases. This effect of water 
susceptibility was not observed in all the sample materials tested - the crushed concrete 
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was less affected. The crushed concrete had lower percentage fines and a higher void 
ratio than the sandy gravel and thus drained faster. Identification of sample moisture 
susceptibility is therefore important prior to field assessment to establish to potential of 
poor performance if the material became saturated. 
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Figure 4.20: Preferential drying, water content profiles for the sandy gravel on 
‘synthetic’ base conditions 
4.4.6.4 Changes in Stress State 
The composite stiffness of the samples tested increased significantly over a relatively 
short time (24 hours) after compaction (Appendix D: Paper 4, Section 4). During this 
period it appeared that stresses in the material were allowed to equilibrate and dissipate 
any excess pore water pressures. This observation was reinforced by parallel test work 
in a Springbox (Edwards, 2004 and Frost, 2000). The stiffness of the material increased 
by up to 2 times, 24 hours after compaction in the Springbox, and this observation is 
supported by field observed performance of compacted capping (Frost, 2000).  
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4.4.7 Field and Laboratory Comparison 
Key discussion points found when comparing the field to laboratory results include 
comparisons between subgrade condition, relative density, strength, and composite 
stiffness.  
The soft base condition composite stiffness of 40MPa compared well with the range of 
subgrade stiffness encountered in the field work, in the mid range of data at the M6 Toll 
(Site 4) referenced in Table 4.5 and Appendix D: Paper 4. The same test device was 
used to measure the composite stiffness in the laboratory and on site, so the results are 
directly comparable. 
Density measured in the laboratory (Table 4.8) fitted within the range of densities 
measured directly in the field (Table 4.5) for the mudstone and crushed concrete, 
although they were close to the limits. The mudstone’s dry density in the laboratory 
(2.0Mg/m3) was at the upper end of the range measured on site (1.7-2.0Mg/m3), 
whereas the crushed concrete’s dry density in the laboratory (1.6Mg/m3) was at the 
lower end of the range measured on site (1.6-1.9Mg/m3). In situ density of the sandy 
gravel was not measured directly at the M6 Toll. Discrepancy in density are concluded 
to be caused by variability in sample grading and the compactive effort applied, 
between site and the laboratory. Variations in grading from one sample to another will 
result the materials behaving differently, as in this case they have. The compaction 
method and effort offered by the vibrating hammer did not produce simulative 
conditions within the laboratory, the effort was demonstrated to be variable 
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Table 4.8: Summary of laboratory tests data upon the soft substrate condition 
Material Thickness ρdry WC Ecomp DCP Impact H 
Description mm Mg/m3 % MPa  % CBR IV 
Stiff Base 
Soft Base 
- 
- 
- 
- 
- 
- 
200 
40 
- 
- 
- 
- 
Crushed 
Concrete 
(6F2) 
450 1.60 8.5 36-41 (6%) 18-23 23 
Mudstone 
(6F2) 
450 2.00 8.0 36-87 (37%) 59-63 5 
Sandy gravel 
(6F2) 
100 
200 
300 
400 
2.06 
2.24 
2.05 
2.21 
6.4 
6.4 
6.5 
6.5 
17-21 (7%)
12-42 (14%)
45-105 (38%) 
71-145 (31%) 
- 
23 
45 
54 
6-12 
21-31 
22-56 
20-35 
Granodiorite 
(Type 1) 
100 
200 
300 
400 
2.39 
2.44 
2.43 
2.43 
4.2 
3.9 
4.0 
4.2 
13-17 (11%) 
18-28 (17%) 
31-51 (18%) 
18-35  (22%) 
- 
51 
97 
81 
17-22 
38-47 
32-42 
26-33 
Notes: 
ρdry  = Dry density (Mg/m3)                        WC = Water content                                     
Ecomp = Composite stiffness (MPa)            (value) = Coefficient of Variance (%) 
DCP = Dynamic Cone Penetrometer            CBR = California Bearing Ratio (% CBR) 
Impact H = Impact hammer                          IV = Impact value (x10g = ms-2) 
On site the composite stiffness on a 395mm crushed concrete layer ranged between 151-
163MPa (Table 4.5), compared with 36-41MPa in the laboratory on 450mm layer 
(Table 4.8) which is a large difference. The strength was also lower in the laboratory 
(18-23% CBR compared to 45-65% CBR in the field), and the density achieved in the 
laboratory was at the lower end of the range measured on site. It is thought that the 
lower magnitude of stiffness and strength was primarily caused by the lower density 
measured in the laboratory compared to the field. the material was compacted with the 
vibrating hammer. 
In the field, the composite stiffness on a 300-600mm mudstone layer ranged between 
50-120MPa, compared to 36-87MPa in the laboratory on a 450mm layer. The strength 
was higher in the laboratory (59-63% CBR compared to 9-30% CBR), and the density 
achieved in the laboratory was at the upper end of the range measured on site. 
Interpolating the stiffness against layer thickness suggests that the stiffness in the 
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laboratory was lower than in the field, whereas the strength was higher. This difference 
was attributed to a coarser material evaluated in the laboratory than on site. The strength 
measured by the DCP is affected by coarser particles which reduce the rate of 
penetration, therefore increasing the strength. The mudstone particles degraded 
physically under the compactive effort demonstrating the balance between achieving a 
high relative density and preventing significant degradation of the particles. This would 
suggest that the mudstone particles are weaker than the crushed concrete which raises 
the issue of particle durability having an effect on the short term performance during 
construction, and the long term expectancy of the material. An alternative method of 
compaction was therefore required and through further compaction trials an electric 
rammer was found suitable. The work performed with the crushed concrete and 
mudstone highlighted the need for a controlled sample preparation method. 
For the sandy gravel material the stiffness results from samples assessed in the 
laboratory were slightly lower compared to the site data for the same layer thickness, 
upon the soft base condition and prepared using the electric vibrating rammer 
(Appendix D: Paper 4). The composite stiffness on a 250mm sandy gravel layer in the 
field ranged between 25-48MPa, compared to 12-42MPa in the laboratory on a 200mm 
layer. The composite stiffness on a 300mm layer was 45-105MPa. Figure 4.17 shows 
that as the layer thickness in the laboratory increased the variability in the stiffness 
measured across the surface increased, illustrated with the error bars for one standard 
deviation. The strength data appeared to be of a similar magnitude between the field and 
laboratory, comparing the same layer thickness. It was concluded that the performance 
of capping materials can be measured in the laboratory assessment test, provided field 
conditions are achieved in the laboratory. The laboratory assessment test provides a 
guide to the performance that can be achieved on site and highlights the susceptibility of 
materials to changes in water content following compaction. 
4.5 Summary 
The work done during the research programme to achieve the aim and objective of the 
EngD project has been discussed in this chapter. The objectives specifically targeted 
within this chapter included, Objective 3 to develop an assessment test for coarse 
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capping material, Objective 4 to validate the assessment test, and Objective 5 to deliver 
an industry standard. It has described the development of the project and presented 
typical findings from practical experiments performed, which is supplemented by 
detailed technical information in the appendices.  
The LWD has been demonstrated to be a practical and flexible device suitable for 
measuring the composite stiffness of unbound coarse granular materials where the 
devices correlated well with the FWD. The device was used extensively throughout the 
project in the laboratory and during field investigations.  
It is reasonable to accept that as a material becomes more engineered its performance 
and behaviour will become more predictable and repeatable. A coarse capping material 
is a relatively poorly engineered geomaterial when compared to concrete and asphalt; or 
if the capping is site won is of lower quality usually than in comparison to a tightly 
specified quarried crushed rock. As a result it is likely to exhibit a greater inherent 
variability in stiffness and strength. The cause of this variability is due to variability in 
particle size and shape, water content, compacted density, layer thickness, underlying 
substrate stiffness (all of these factors are usually less well controlled on site for a 
capping material, especially construction tolerance). The LWD and FWD both 
measured these effects to some extent and showed significant variability in stiffness. On 
site the LWD was found to be more sensitive to stiffness variability, which results in 
more data scatter, than the FWD. This is thought to be a consequence of its lighter 
weight compared with the FWD, which will reduce the  quality of plate contact. 
The repeatability of the LWD was discussed in Section 4.4.1.3 showing its repeatability 
under ideal conditions. One must ensure good surface contact so that the applied stress 
is transmitted to the ground and so that the deflection measured is not influenced by 
instability of the bearing plate. The study of repeatability provided a means to prove that 
the LWD is repeatable under controlled conditions to set a benchmark to assess it’s 
repeatability in the field. It is anticipated that when assessing unbound granular 
material, and specifically coarse capping materials, the conditions would not be as ideal 
thus ascertaining the cause of variability in stiffness is more difficult. A protocol to 
ensure and assess quality of plate contact was discussed in Section 4.4.1.2. The LWD 
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operator uses the deflection and stress trace output to ascertain whether the plate 
achieves a good surface contact. Ensuring a good surface contact minimises the 
variability in stiffness that can be attributed to the LWD, thus variability is can be 
attributed to the material.  
A laboratory test protocol was developed for the assessment of coarse granular capping 
materials and includes methodologies for test set-up, sample preparation, testing and 
analysis. The composite stiffness of capping materials was found to be sensitive to layer 
stiffness, layer thickness, Poisson’s ratio, density, particle size distribution, water 
content, stress state and substrate stiffness. 
These findings are described further, along with a discussion of their implications on 
both the Highways Agency and the wider industry in the next chapter. 
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CHAPTER 5 FINDINGS AND IMPLICATIONS 
5.1 Introduction 
This research programme has developed a novel assessment test for coarse capping 
materials for roads that can be used to indicate their likely short-term in situ
performance under controlled laboratory conditions before it is constructed on site. The 
review of literature found that prior to this research project there was no means to 
routinely assess coarse capping materials in the laboratory, existing test methods were 
either too small or too complex. This chapter summarises the key research findings and 
discusses the implications of the research upon the industrial sponsor and the wider 
industry. The research is critically reviewed and recommendations for future work are 
proposed. Finally, a summary of the research is presented drawing key conclusions 
from the research project. 
5.2 Reflection of Aim and Objectives.  
This projects overall aim was to produce a routine laboratory test and interpretation 
procedure for determining the elastic stiffness, strength and suitability of coarse 
granular materials for pavement capping layers. The project focused on developing the 
test experimentally in the laboratory with supplementary fieldwork to provide validation 
of the adequacy of the test developed. The specific objectives of the research were: 
1 To identify the key research questions. 
2 To review the current understanding of material behaviour and influences on the 
measurements of stiffness and strength for unbound granular materials in 
pavement foundations. 
3 To develop laboratory test apparatus, material preparation method(s) and test 
methodology(s) for the evaluation of ‘coarse capping’ materials. 
4 To assess a range of materials for their potential suitability and performance as a 
capping, using appropriate field data where practicable, and provide validation of 
the laboratory test procedure. 
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5 To deliver an industry (laboratory-based) standard for evaluation of coarse 
capping materials prior to construction to aid confidence in their selection. 
Table 5.1 provides a summary of how this research has satisfied these objectives. The 
findings are discussed in detail within Section 5.3. 
Table 5.1. Summary of findings related to the research objectives. 
  Evidence 
  
Objective Finding Pa
pe
r 
1 
Pa
pe
r 
2 
Pa
pe
r 
3 
Pa
pe
r 
4 
Pa
pe
r 
5 
Te
st
 P
ro
to
co
l 
1. To identify the key research 
questions 
Materials are not used to their full potential 
because empirical design and method 
specifications limit how they are used. 
Limitations in methods of in situ measurement 
have previously limited the ability to practically 
measure performance in the field. 

     
2. To review the current 
understanding of material 
behaviour and influences on 
the measurements of stiffness 
and strength for unbound 
granular materials in 
pavement foundations 
Mechanistic-empirical design and performance-
related specification permit a more flexible 
approach to the design, selection and use of 
materials. A fuller understanding of material 
behaviour is required however. The key 
performance parameters required for pavement 
design and assessed as part of a performance 
specification include stiffness and strength. 
   
  
3. To develop laboratory test 
apparatus, material 
preparation method(s) and test 
methodology(s) for the 
evaluation of ‘coarse capping’ 
materials 
The laboratory material assessment test required 
detailed method statements to be developed for 
the test set-up, sample preparation, material 
performance measurement and data analysis. 
The sample preparation variables key to the 
coarse capping material performance in the 
laboratory were shown to be; particle size 
distribution, water content, density, thickness, 
surface evenness and boundary condition.
   
4. To assess a range of 
materials for their potential 
suitability and performance as 
a capping, using appropriate 
field data where practicable, 
and provide validation of the 
laboratory test procedure 
The ‘soft’ base boundary condition was effective 
for compaction of the granular materials and was 
considered to be representative of the field 
conditions. The foundation’s composite stiffness 
was observed to be sensitive to stress state, 
water content (both during compaction and once 
constructed), material type (mineralogy) and 
grading (including fines content). 
   
 
5. To deliver an industry 
(laboratory-based) standard 
for evaluation of coarse 
capping materials prior to 
construction to aid confidence 
in their selection 
The test developed provides a tool for industry 
which indicates a materials potential composite 
stiffness, strength and moisture susceptibility to 
provide data to be used in foundation design and 
predict the likely field performance. 
    
 
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These results combined together, along with publication of 1 conference paper and 4 
journal papers to achieve the overarching aim of the research project. 
5.3 The Key Findings of the Research  
5.3.1 Research Background 
The sustainability agenda dictates that better use of fill materials is made, including 
waste and recycled materials (Appendix A: Paper 1). Materials are not used to their full 
potential because empirical design and method specifications limit how they are used, 
often being over conservative and the requirements do not consider the material on its 
merits. Limitations in methods of in situ measurement have previously limited the 
ability to practically measure performance in the field. Instead indirect assessment and 
index tests such as the CBR have been used to classify the bearing capacity of pavement 
subgrades and foundations. Empirical design and ‘method’ specifications (discussed in 
detail in Appendix A: Paper 1) can limit the choice of acceptable materials and 
construction methods that can be employed, and thus restrict the opportunity to utilise a 
wide range of marginal, recycled and secondary materials and maximise their potential 
benefits. 
Mechanistic-empirical design and performance-related specification permit a more 
flexible approach to the design, selection and use of materials. However, a fuller 
understanding of material behaviour is required to ensure their proper design. A routine, 
repeatable and economical method of measuring performance of coarse capping 
materials is required for design and assurance testing. Possible options to measure 
performance in the laboratory include element (small sample) tests, a large-scale 
laboratory test, or a pavement test (scaled) facility. Coarse capping materials contain 
particles that are generally too large for assessment in conventional laboratory element 
tests, usually limited to 20mm maximum particle size, and the larger-scale tests (such as 
the 400mm diameter triaxial test) are considered too complex and expensive (Appendix 
E: Paper 5) for routine use. 
The key performance parameters required for pavement design and assessed as part of a 
performance specification include stiffness and strength (Appendix A, Paper 1). An 
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unconfined capping material (i.e. construction condition) is expected to achieve an in 
situ composite stiffness of 40MPa (with a minimum value of 25MPa) to achieve the 
performance required for a Class 1 Foundation (IAN, 2006). Very limited control of a 
material’s condition is available during in situ measurement of performance for research 
purposes. As a consequence, it is very difficult to isolate the effect of key variables 
independently from other contributing effects. Laboratory testing offers a stable, 
environment where the condition of the material can be better controlled as 
demonstrated in this research where the key variables have been identified as; density, 
water content, stress state, and boundary conditions. 
A relatively large scale test was considered to be most suitable for controlled testing of 
coarse unbound foundation materials in the laboratory. The test developed made use of 
the same test devices as used in the field, including the LWD and DCP. The test needed 
to assess the materials under conditions as close to the field as possible (Appendix D: 
Paper 4 and Appendix E: Paper 5). Therefore, appropriate methodologies for sample 
preparation and testing were required. 
5.3.2 LWD 
The use of the LWD to evaluate in situ stiffness of capping materials was investigated 
thoroughly in order to justify its use within this research project. Firstly, existing field 
trial data was analysed to compare the measurement of stiffness between the LWD, 
FWD and the GDP. Secondly the repeatability of the device was evaluated in the 
laboratory. Thirdly an interpretation procedure of the load and deflection time history 
was developed to indicate the quality of test data collected and improve repeatability of 
the test procedure. 
The correlation coefficients (CC) determined between portable (composite) stiffness 
measuring devices and the (trusted) FWD were both material and site (construction) 
specific. Many sets of field data were analysed comparing the German Dynamic Plate 
and Light Weight Deflectometer (LWD) to the Falling Weight Deflectometer (FWD). 
The FWD was considered a suitable benchmark for any other stiffness measuring 
device. A review of existing site data suggested a good level of equivalence between the 
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LWD and the FWD on coarse capping materials, where the stiffness ratio between the 
capping and subgrade was usually less than 3. , applying a 100KPa contact stress. 
However, when the upper layer was considerably stiffer than the layer below, the LWD 
measured a higher stiffness than the FWD (Appendix C: Paper 3). The FWD applied a 
longer load pulse, which was believed to be the key reason for the difference in 
measurements recorded between the devices. 
The test procedure adopted initially included three pre-compaction drops, followed by a 
further three drops (all drops at 100KPa contact stress). The composite stiffness value 
was taken from the mean of the last three drops. However, the procedure was modified 
to measure the stress sensitivity of the foundation. This was achieved by dropping the 
weight from three different drop heights to achieve contact stresses ranging between 40-
100KPa. The number of pre-compaction drops to achieve good seating should be varied 
to suit the looseness of the material (Appendix C: Paper 3). The LWD device appeared 
somewhat sensitive to surface looseness and flatness, this was especially prevalent for 
the final compacted layer, which was often difficult to compact to an even finish. The 
number of pre-compaction drops was reduced to one drop on well-compacted level 
surfaces where good seating of the bearing plate was readily achieved. However, on 
loose surfaces and upon poorly compacted material, it was recommended that if after 
three pre-compaction drops the plate had not seated adequately, then the device should 
be repositioned and the test restarted. 
The quality of an individual test may be evaluated, in part, by detailed assessment of the 
deflection and load time histories (Appendix C: Paper 3). In general, a good test 
measurement can be assumed when the trace curves were smooth, the peak load and 
deflection are in phase (or close) and the deflection trace returns close to 0μm. The 
geophone peak displacement interpreted from the signal and displayed on the readout, 
was the actual maximum displacement during the recorded period of measurement of 
60milliseconds. This can lead to errors in over-estimation of deflection if the post 
impact ‘peak deflection’ value was larger than the peak deflection that occurs around 
the time of the peak load. This was shown to occur on poorly compacted or uneven 
surfaces and greatly reduces the recorded stiffness. 
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This investigation has demonstrated that the LWD device was repeatable provided a 
good surface contact could be achieved between the bearing plate and the ground. 
Experience on site and in the laboratory has found that by reviewing the deflection and 
stress pulse history during testing helps indicate whether the plate is well seated and 
whether the results obtained are reliable. There is a need to incorporate a more detailed 
test and data interpretation procedure for the LWD within updated versions of IAN 73 
(published in February, 2006) to ensure that the readings taken are repeatable and 
accurate, thus incorporating the fuller findings of this research project and observations 
of other experienced LWD users now that there is more experience of their use in some 
contractual situations. This will improve the current draft specification for the 
measurement composite stiffness as part of the performance specification.  
5.3.3 Laboratory Material Assessment 
The behaviour of capping materials within the assessment test was found to be 
influenced by; the condition of the sample, and the boundary conditions of the mould. 
Therefore the laboratory material assessment test required detailed method statements to 
be developed for the test set-up, sample preparation, material performance measurement 
and data analysis (Appendix D:  Paper 4 and Appendix E: Paper 5). The sample 
preparation variables shown to be key to the performance of the coarse capping material 
in the laboratory were: particle size distribution, water content, density, thickness, 
surface evenness and boundary condition (i.e. both at the base and the side walls). 
During early compaction trials, an electric vibrating rammer was determined to be most 
suitable for compacting coarse capping materials to the required target density in the 
laboratory mould.  It was able to achieve an even and level surface whilst causing 
minimal particle degradation. The electric rammer was particularly suited to testing 
indoors as it did not result in harmful emissions (Appendix D: Paper 4). 
A synthetic substrate (comprising of a 20mm sheet of synthetic rubber and thin drainage 
layer upon the base of the mould) was able to replicate the typical mid-range composite 
stiffness of an in situ subgrade when used within the rigid laboratory test mould. 
Boundary effects caused by the side walls of the mould were accommodated for by 
ensuring the LWD device (the edge of the 300mm bearing plate) was positioned more 
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than 120mm from the walls of the mould, based on both theory and practical 
observations (Appendix D:  Paper 4 and Appendix E: Paper 5).
The large scale mould (1m x 1m x 0.5m deep) permitted the use of portable in situ
devices such as the LWD, DCP and Clegg hammer to measure the composite stiffness 
and strength properties of the coarse capping material. By using the same test methods 
in the laboratory test as those used in field assessment the comparison of performance 
between the two are strengthened. The effect on stiffness and strength as the number of 
layers increased was measured and showed the development of composite stiffness. 
These test results can provide guidance of a materials acceptability, relative to 
performance target values (i.e. Type approval within a material class), or they can 
provide indicators of expected field stiffness and strength performance for use in design 
and selection. Additionally, information on material moisture susceptibility and stress 
dependency gives further guidance on the sensitivity of a specified materials 
performance, which is important when considering likely field behaviour.  
5.3.4 Material Behaviour 
The fundamental properties of a coarse capping material used in empirical-mechanistic 
design and within a performance specification are material stiffness and strength 
(Appendix A-E: Paper 1-5). In situ measurement of stiffness using the LWD examines 
the response of one or more layers in the structure to loading and was therefore termed 
composite stiffness. The foundation’s composite stiffness was observed to be sensitive 
to stress state, water content (both during compaction and once constructed), material 
type (mineralogy) and grading (including fines content). 
In the laboratory it was observed that the measured stiffness increased by up to two 
times, 24 hours after compaction (for materials with high fines content and hence 
relatively low permeability). It was concluded that this was due to an equalisation of 
stresses as pore water pressures generated during compaction dissipated (although pore 
water pressure was not directly measured). The timing of in situ assessment testing (of 
coarse capping materials with high fines content) is clearly demonstrated to be 
important.  
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The granodiorite Type 1 and the sandy gravel were both found to be stress sensitive, i.e. 
the material’s stress-strain relationship was non-linear. The non-linear behaviour of 
granular materials was calculated from LWD load applications between 40-100KPa (i.e. 
by varying the drop height only) and analysed using the k-θ model described in 
Equation 3. The material constant k1 describes the material’s sensitivity to the degree of 
saturation, density and grading, whilst k2 describes the material’s stress sensitivity. The 
material constant k2 was derived from the LWD data and the k2 values for the 
granodiorite were in the range 0.4 to 0.8,  which was similar to the range found by other 
researchers (Boyce, 1980, Hicks and Monismith, 1971 and Hughes, 1997) on granular 
materials. The k2 constant of the sandy gravel, however, was determined to be between 
0 and 0.4. This observation might be due to the rounded and weaker nature of the sandy 
gravel. A k2 constant of 0 describes a linear stress-strain relationship. The k-θ model 
(and more complex versions of the model) is utilised for non-linear design to calculate 
stiffness variations in depth and loading within the pavement structure. A material’s 
sensitivity of the measured stiffness to the applied stress regime reinforces the need for 
field assessment testing at similar levels of stress between devices, especially when 
testing coarse capping materials (Appendix D:  Paper 4 and Appendix E: Paper 5). 
Changes in water content, for example wetting the foundation following construction, 
was observed to affect both the composite stiffness and the strength measured. Capping 
materials with a low voids ratio and relatively high fines content were most susceptible 
to this effect. This demonstrated both the need to protect the foundation from becoming 
saturated during construction and the need for adequate drainage within the foundation 
to (quickly) remove excess water (Appendix D:  Paper 4 and Appendix E: Paper 5).  
Whilst stiffness is a key mechanical parameter used in design to specify the 
performance of granular materials it is very sensitive to changes in other properties such 
as water content and stress. As such the measured stiffness is a unique value relating to 
the condition of the material, at time of testing. Great care must be taken in using a 
stiffness value in design and consider how the conditions in which it was measured 
compare with the conditions expected within the materials application. The capping 
materials stiffness changes from the short-term condition to the long-term condition as 
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the water content and stress state change. In the long-term condition seasonal variations 
will also influence the water content, resulting in a fluctuation of foundation stiffness as 
the water content changes. 
5.4 Contribution to Knowledge and Practice  
The value of this research and its originality in the area of pavement foundation design 
and specification can be demonstrated in a number of ways: (1) it produced a test 
protocol that provides expected site data for design and material selection, (2) it 
developed the use of portable plate tests to measure composite stiffness, and (3) it 
demonstrated the factors that affect the measurement of composite stiffness and strength 
of coarse capping materials. 
5.4.1 Input for design 
The assessment test has provided a means to evaluate the performance of coarse 
capping materials and provide design input for ‘site expected’ data that describes the 
materials behaviour under dynamic loading. Other methods of assessing the 
performance of granular foundation have either been too restrictive or too complex to be 
used routinely. The samples are assessed using in situ devices such as the LWD which 
is also used in the field as part of the (new) UK performance specification, therefore 
measurements of composite stiffness in the laboratory can be compared directly to 
measurements in the field (assuming similar boundary conditions). The composite 
stiffness measured using the LWD relates to the short-term unconfined foundation 
condition. This relates to the performance specification (IAN, 2006) which specifies an 
in situ target foundation stiffness for unbound materials, i.e. for a Foundation Class 1 
the ‘site expected’ target composite stiffness 40MPa equates to a (confined long-term) 
design value of 50MPa that is used in the design of the bound structural layers.  
The assessment test also indicates the potential effect of water content changes post 
construction and stress sensitivity of coarse capping materials. The need for additional 
drainage design and the requirement to protect the constructed capping layer can be 
indicated through this assessment test.  
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The laboratory assessment test is an affordable approach to obtaining this much needed 
information. The majority of the sample preparation equipment is standard for many 
laboratories. The LWD is also becoming more widely used in the UK, and given its role 
within the HA’s performance specification, its use should grow much further within the 
industry over the next few years. The assessment test was designed to be accessible to 
the pavement industry, simple to perform and at a more economical cost than 
performing similar work in large scale triaxial tests or in site trials. Considerably larger 
volumes of material would be required within field trials (thus more construction 
resources required). The laboratory assessment test does not currently form a part of the 
performance specification, rather it provides an option for the industry to enhance the 
process of material selection for the required the field trials. 
The test does not replace field trials, but it does provide a means for the constructor and 
material supplier to evaluate the potential performance of materials well before designs 
are proposed for field trials. Tests could be performed in parallel (within multiple test 
moulds) to provide greater testing capacity, and the sample material could be prepared 
in bulk before the tests start, to speed up the sample preparation process. With good 
planning the recommended duration for a full detailed assessment test (including water 
susceptibility for finer grained materials) should not pose a problem to the construction 
process, as the laboratory work can be performed well in advance of main works. 
Depending upon the level of detail required from the test, and the experience with 
similar materials, it is recommended that the test duration can vary between a minimum 
of 2 days and approximately 4 weeks.  
5.4.2 Use of Portable Plate tests 
The research investigated the use of portable plate tests for measuring composite 
stiffness and developed the best practices to adopt whilst testing. It looked at issues 
relating to their operation and to measurement interpretation. The LWD is sensitive to 
the quality of the plate to surface contact and this research has developed ways to 
determine whether plate contact is an issue. 
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Guidelines for interpretation of the load and deflection time history were developed to 
assess the ‘quality’ of the LWD result in relation to material looseness and surface 
contact. The guidance is based on the uniformity and smoothness of the time-history 
which is influenced by surface contact of the plate. A series of carefully controlled 
surface conditions showed that typically a ‘good’ contact resulted in regular, uniform 
and smooth time-history traces, whereas ‘poor’ contact resulted in irregular and non-
uniform time-history traces. 
5.4.3 Factors that Affect the Measurement of Composite Stiffness 
Factors that affect composite stiffness included layer stiffness, layer thickness, density, 
grading, water content, and substrate stiffness. 
The test results showed that changes in near surface (150mm nominal depth) water 
content affect the composite stiffness of the material, as well as the strength, as could be 
caused by wetting or drying on site. The magnitude of stiffness change is material 
specific and is influenced by the moisture susceptibility of the material. For example in 
the one extreme, the sandy gravel sample (which was found to be very moisture 
susceptible due to the high fines content) stiffness reduced by 40% when it was wetted 
to 2% more than it’s owc, and increased by 25% when it dried to 2% of its owc (+/- 2% 
is considered as an appropriate range pf change on site based on experience). The effect 
of water content changes on stiffness was observed to be much less on the crushed 
concrete material (coarser free draining). This therefore showed that the effect of water 
content changes was greatest in (well compacted) materials with a larger proportion of 
fines. An increase in water content causes an increase in pore water pressures which 
reduces composite stiffness. A decrease in water content may cause negative pore water 
pressures (in the small void spaces) which increases composite stiffness. These effects 
were observed during the controlled experimentation. Factors that can cause changes in 
water content include the natural as delivered water content of the material, 
precipitation, temperature, wind and humidity, which are all considered to be site 
specific. 
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The base boundary condition affected the stiffness of the capping material achieved 
following compaction. It also affected the subsequent measurement of composite 
stiffness. The base condition had less of an effect on the composite stiffness measured 
as the capping layer thickness increased. Typical capping thickness in pavements range 
between 200 to 600mm. In practice the capping thickness tends to be between 150-
200mm for a subgrade >50MPa, but increases to >200mm for a subgrade <50MPa 
according to the restricted designs in IAN 73 (2006). Based on elastic theory and 
observations during the controlled experimentation, once the capping thickness is 
greater than depth of significant stressing of the test device, the base stiffness has 
negligible effect on the stiffness measured. The stiffness of a capping material could 
therefore be assessed alone if the sample thickness was greater than the depth of 
significant stress. 
5.5 The Implications to the Sponsor  
As an organisation committed to “implementing best practice and innovative solutions 
to improve service now and in the future” the implications for the Highways Agency 
were twofold. Firstly, it progressed and improved their knowledge and methods of best 
practice for design and specification of pavement foundations in the UK. This 
knowledge has been disseminated internationally to industry and academia through 
seminars, conferences and journal papers. The general concepts and findings presented 
in this thesis have been accepted through the peer review process of one international 
conference and four good quality journals, including the proceedings of the Institute of 
Civil Engineers which is widely read in the UK and abroad. The test method is 
considered to be suitable for use by industry because it utilises readily available 
equipment (the same as required for the site compliance work in the new guidance) and 
utilises relatively simple processes. The main limitation currently, is the lack of 
widespread knowledge of the use of insitu stiffness measurements both in design, field 
compliance and material selection.  
Secondly, the Highways Agency has a test protocol that provides a standard approach 
for the performance assessment of coarse capping materials, mentioned in IAN (2006). 
The assessment test provides a competent means to assure capping performance, thus a 
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wide range of materials can be evaluated for their potential suitability. A more 
sustainable approach to the use of available materials for a pavement foundation can 
therefore be adopted. In supporting the Highways Agency’s performance specification it 
contributes to the Agency’s drive to transfer risk from themselves as the client to the 
designer and onto the constructor.  
5.6 The Implications to Wider Industry  
The assessment test fits within the context of mechanistic-empirical design process and 
the new performance based specification (IAN 73, 2006) introduced in the UK by the 
Highways Agency. It provides the designer with routine laboratory based means that 
determine a capping’s (and other unbound foundation materials) potential performance 
as well as behavioural issues of the material. This can then indicate whether the material 
should meet the criteria for Foundation Class 1, for example. The assessment test can be 
used as a ‘type approval’ test by the supplier of materials or the contractor to indicate 
likely performance of a capping before it is used on site and in trials.  
The stiffness results from the laboratory assessment test determine a composite stiffness 
of a capping sample upon a synthetic subgrade (e.g. 40MPa) relative to the conditions 
of; stress history, water content and density achieved in the laboratory. For comparison 
with site similar conditions of stress history, water content and density should be 
achieved. The composite stiffness upon the capping does not provide a direct measure 
of the capping materials layer stiffness. It is possible to interpret the layer stiffness using 
multi layered linear elastic models, which provides an indication of likely layer 
stiffness. The composite stiffness provides an indication of likely short-term in situ
performance. It was out of the scope of this project to look into interpretation of the 
long-term performance of the material. One could consider application of surcharge 
rings (of equivalent weight to that expected during service) upon the capping surface 
around the LWD bearing plate. This approach would require more investigation to 
determine its adequacy. The durability of the capping material would also have to be 
considered for the long-term condition. There is currently no guidance on durability 
with IAN 73 (2006) and this project has not covered the subject further. 
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The research has also highlighted the necessity for adequate drainage and protection of 
foundation materials against increase in water content, which reduces the stiffness and 
strength properties of the coarse capping materials. The LWD composite stiffness 
measured was sensitive to variability in water content within the coarse granular 
material. During poor weather a sacrificial layer would provide some protection of the 
surface of the foundation from such variations in (near surface) water content, which 
could then be removed just prior to placing the sub-base/upper layers, as is already done 
to protect the foundation from rutting, as observed at the M6 Toll. 
When adopting a performance specification, the timing of the pavement assessment is 
critical, both on site and in the laboratory. This is due to the sensitivity of the materials 
stress state changed during compaction (equalisation of stresses) and stress changes as a 
result of saturation. Performance assessment should therefore be performed 24 hours 
after compaction, and should not be performed during very wet weather. If the material 
becomes saturated and is found to be moisture susceptible, it should be left to dry before 
re-assessment. Conversely, if the material becomes too dry, it should be re-assessed 
once at target water content, otherwise a falsely high composite stiffness would be 
measured. It would be prudent for the water content of the material at the time of 
assessment be specified within IAN 73 (2006) so that the material is not allowed to over 
dry (e.g. no more than 3% below owc) which would falsely increase the stiffness 
measured. The consequence of the constructor having to leave a wet material to dry out 
to the target water content would be a delay to the construction process. The severity of 
this delay would depend on the allowance provided within the construction program. 
The water susceptibility of a proposed capping material, as identified in this assessment 
test, could be recorded within the geotechnical risk register prepared for construction to 
provide useful information to help minimise its impact on the construction project when 
this is known in advance. For example, at the M6 Toll the capping thickness was 
increased to 600mm in places to deal with incidences of excessively wet subgrade and 
capping caused by very poor weather during construction, especially as it was observed 
to require a long drying period. An appreciation of the materials water susceptibility, 
provided by the laboratory assessment test, does thus support the decision making 
process and design considerations required prior to construction  
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The performance measured on site should perhaps only be considered as a ‘snapshot’ 
relating to the stress state in the material at the time of testing and should be assessed 
just before construction of the next layer overlying to ensure compliance with any 
targets (Appendix E: Paper 5, Section 4.3 and 5). 
5.7 Critical Evaluation of the Research   
During the development of the laboratory assessment test, the selected materials were 
evaluated under controlled conditions. A wide range of materials were selected to 
represent marginal, recycled and standard coarse capping materials used within a 
pavement foundation. A granodiorite was also selected to provide a performance 
benchmark for a good quality crushed rock. The selection of sites visited and materials 
tested was restricted by the availability of suitable sites coinciding with the research 
programme and the necessary permissions to visit, evaluate and remove materials. In 
addition, the large quantities of material required posed an extreme sampling and 
logistical challenge. Four sites were visited with a view to controlled in situ testing and 
tested using the laboratory protocol, where two of the sites were found to be suitable for 
this purpose. The unsuitable sites still provided the opportunity for operator training and 
site experience.  
Each individual test took approximately three to four weeks to perform. It took one 
week to prepare, construct and test a four layered coarse capping at optimum water 
content. It then took between two to three weeks to measure the effect of wetting and 
drying, by allowing the added water to percolate into the material and then drain/dry 
out, dependant on the materials porosity, fines content and permeability. This was 
largely due to the manual nature of the work and large mass of sample. Mechanisation 
would reduce both the time and operator effort required with respect to achieving 
sample target water content. It would also be possible to reduce the tests time if the 
water susceptibility of the material was not assessed, if that was known not to be an 
issue. A simple test where a single layer (thick)  was assessed would only take 1-3 days 
to perform, although this includes a significant period of allowing the sample to rest and 
is not very labour intensive (although this would not provide the full information 
possible from a longer test). Using the laboratory assessment test to identify poor 
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performing materials before they are used on site could save costs by eliminating the 
material from field trials and identifying other, more suitable materials. 
The sandy gravel capping material was assessed on site and under controlled laboratory 
conditions, measuring directly comparable values of stiffness and strength. 
Comparability of field and laboratory results was achieved by developing a careful 
sample preparation methodology to achieve representative material conditions (i.e. layer 
thickness, water content, density and boundary conditions) in the laboratory to those 
found on site, and by measuring stiffness and strength with the same devices in the 
laboratory and in the field. Supplementary, good quality field data (stiffness, strength, 
material type/grading, layer thickness and dry density) collected by Frost (2000) was 
used to provide comparison with the laboratory performance results measured during 
this research programme. Ideally, more high quality site data would have assisted in the 
evaluation of the research methods. 
The potential field performance of a material has not yet been predicted in the 
laboratory and then evaluated on site as part of a contractual performance specification. 
In order that the opportunity of testing the coarse capping material before construction 
of the next layer was not missed, the stiffness and strength properties were measured at 
the same time as collecting samples of material for controlled laboratory assessment 
(using the test protocol). With no contractual powers, a limitation here was the lack of 
control afforded to the researcher to ensure that the site materials were available for 
testing and in their final compacted state. 
Due to the number of test positions assessed in the laboratory the statistical methods 
used to assess data scatter included calculation of the mean, standard deviation and 
coefficient of variance. It was not appropriate to use T-Tests or ANOVA analysis 
because there were only a number of data points assessed during each test. The 
variability of the (stiffness, strength and density) data measured was assessed by 
calculating the variability of results in terms of Coefficient of Variance. Variability in 
stiffness and strength measurements along a section on site, and materials within the 
laboratory assessment test can be attributed to variability in the material’s condition 
(layer thickness, layer stiffness, density and substrate stiffness) and variability between 
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devices used to measure the stiffness and strength. Therefore work to determine the 
causes of variability was performed. The accuracy of the LWD was compared directly 
with the trusted FWD during field trials in earlier research on coarse capping materials 
where a good correlation between the devices was determined. Repeatability of the 
LWD was also assessed throughout the research programme where low variability was 
measured (<8%). However, the intrinsic variability that may be expected in a granular 
material due to variations in grading, water content and density can mask the issues 
related to the quality of the test measurement. The COV of the capping material 
measured on site and in the laboratory were within the typical rabges observed by 
Fleming et al. (2000) and Frost (2000). To gain confidence and demonstrate the quality 
of results measured by the LWD, the operator should review the shape of the deflections 
and stress versus time trace displayed in real time by the hand held computer. Test 
repeatability was found to improve when a smooth time trace was recorded. 
A 1m x 1m x 0.5m deep mould was found to be a suitable (minimum) size to contain a 
representative sample of coarse capping material and facilitated stiffness and strength 
measurement using the in situ assessment devices. The influence of boundary 
conditions on the stiffness and strength measured in the laboratory mould was limited 
by firstly identifying the region within the mould that was not affected by boundary 
conditions and secondly by only measuring stiffness and strength within that region. A 
larger mould would permit a greater number of test positions and more statistically 
significant analysis. However, the larger sample required brings many practical 
challenges and reduces the likely acceptance by the industry. The preparation of a large 
sample of capping material at a target water content provided a challenge for the size of 
laboratory mould used, the need for larger samples would increases challenge. 
The influence of changes in water content and stress state of coarse capping materials 
were investigated. Post construction increases in stiffness and strength measurements 
were attributed to decreases in porewater pressure and increases in effective stress, and 
decreases in stiffness and strength were attributed to increases in porewater pressure and 
decreases in effective stress. The porewater pressure was not directly measured in the 
laboratory mould, however the effects of porewater pressure changes were inferred from 
the measurements recorded by the LWD, DCP and Clegg Hammer based on Boussinesq 
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elastic theory and practical observations. Uniformity of the distribution was difficult to 
evaluate, and for the same materials, small changes in sample water content may have a 
significant effect on the performance. 
5.8 Recommendations for Further Work  
Further controlled fieldwork would provide more high quality field stiffness and 
strength data covering a variety of marginal, recycled, and secondary coarse capping 
materials. The fieldwork should be performed at appropriate field trials under controlled 
conditions where layer thickness, water content, density and stress state (i.e. the history 
of trafficking) are known. Samples of the materials tested should be collected for 
controlled testing using the laboratory assessment protocol and the laboratory results 
compared with field data, to further establish its ability to predict the likely performance 
of the coarse capping material. It would also be suitable to perform the laboratory 
assessment test of a sample coarse capping material before it is used on site and then 
measure its performance in the field and validate the test’s ability to predict likely 
performance. However, the subgrade would still need to be assessed in the usual way as 
part of the design process. It would be prudent to review the assessment test methods 
and repeatability once the new guidance in the (IAN 73, 2006) performance 
specification has been used on a number of schemes, to further validate the test and 
provide a database to both help users and refine the methodology.  
A ‘user study’ performed by other industrial and/or academic organisations would 
enhance use-ability of the laboratory assessment test. Their experiences whilst 
following the test and other observations would be used to refine the assessment test. 
This user study would serve to evaluate the reproducibility of the assessment test. For 
example, if three organisations took part, including Loughborough University, each 
organisation would be given a large quantity (e.g. >2 tons) of the same coarse capping 
material sample to be assessed under controlled laboratory conditions using the 
assessment test. The results from each organisation could then be compared against one 
another, and to high quality field data, for the same material. If the logistics of arranging 
the study permitted the number of coarse capping materials, samples could be increased 
(to three for example). The logistics and practicality of such a study would need to be 
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investigated in more detail to obtain funding and to find parties interested and willing to 
take part in the study. 
The pore water pressure generated during compaction of the foundation and the rate of 
dissipation could be measured to investigate the issue of equalisation of stresses in the 
material. This will also establish to what extent the change of pore water pressures 
causes the observed change in composite stiffness after compaction. This could be 
achieved by installing porewater transducers into the coarse capping material. It is 
possible to measure porewater pressure in a partially saturated material using 
transducers such as a tensiometer or a vibration wire piezometer. However, these are 
very delicate instruments which could be damaged during compaction, and a feasibility 
study would be necessary to establish the practical use of such devices. The transducer 
could be installed post compaction, near the surface of a layer by excavating a hole and 
sealing the transducer into the material, however the installation process could cause 
changes in porewater pressure affecting the initial readings and any subsequent changes. 
5.9 Summary 
This chapter has highlighted the key findings of the research project and its contribution 
to knowledge. It has described the implications of the research for the sponsor and to 
the industry at large. The chapter has critically reviewed the research project and 
proposed ways to move the research forwards and develop the assessment tests further. 
The aim of the research project was to produce a routine laboratory test and 
interpretation procedure for determining the elastic stiffness, strength and suitability of 
coarse granular material for pavement capping layers. The research process adopted has 
been described, and justification of the decisions made to successfully achieve the key 
aim.  In addition to the novel test developed, the research project has successfully 
achieved the objectives relating the behaviour of coarse capping materials, the use of 
stiffness measuring devices and to identify variables that influence the measurement of 
composite stiffness. 
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ABSTRACT 
The specification of the materials and methods used in earthworks and foundations for 
highways, railways and airfield runways can be approached in several ways. However, 
in part due to the sustainability agenda there is a need to use specifications that make 
best use of material properties, and a performance-based specification may be 
considered the best way to facilitate this. The advantages and disadvantages of the 
different specification approaches is described and discussed in this paper. The 
functional requirements of a performance-based specification for UK highway 
foundations are considered. The (recently researched) performance-based specification 
is explained, demonstrating the steps to its development, determination of the 
engineering requirements, suitable target values and the potential construction-related 
implications. It is shown that performance-based specifications offer the advantage of 
better incorporation of the principles that underpin sustainable construction but also 
require a fuller understanding of material behaviour for their development and 
implementation. However, contractual issues and implications for construction need to 
be carefully considered to allow a full performance-based approach to be successfully 
adopted. It is considered in the UK that a staged implementation of a performance 
specification is necessary to permit the gaining of experience of both the process and the 
field measurement methods, some of which are relatively novel, and to reduce the risk 
of contractual disputes or potential failures and thus a negative reaction from the 
industry.  
Keywords: Earthworks, Specifications, Sustainability, Field testing, Stiffness Modulus. 
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1. INTRODUCTION 
It has been suggested that a 10% reduction in the cost of construction should be 
achievable (DETR, 1998) in the UK and that one of the key elements to this saving is a 
move to a strategy of waste minimisation and material recycling. Furthermore it has 
also been suggested that there is a need to ‘rethink’ the management of material 
resources within construction (DETR, 2000). For example in the UK 90% (some 260M 
tonnes/year) of all non-energy minerals extracted are used by the construction industry. 
Conversely approximately 70M tonnes/year of construction and demolition materials 
are disposed of to landfill. A main consumer of these materials is for the construction 
and maintenance of the transport infrastructure. Across the UK conservative design and 
planning has been identified as the prime reason for this dichotomy whereby similar 
materials are both consumed and discarded within the same construction projects. 
Additionally it is also now established that the use of primary aggregates leads to the 
detrimental environmental impacts of quarrying, and pollution (air, noise) from the 
transport of these materials to site or for disposal. The barriers to ‘sustainability’ that 
lead to this apparent imbalance need to be addressed, and one such barrier considered 
herein is the use of material specifications that do not fully utilize the material 
properties and the associated design of the geotechnical assets.  
Appropriately designed foundations and earthworks are vital for the economic 
construction of overlying structural pavements (in their widest sense, such as roads, 
railways, airfield runways and industrial pavements etc) and the transport infrastructure 
in general is a vital social and economic asset that requires careful management.  
Earthworks and foundations perhaps present the greatest opportunity to allow the reuse 
of materials or to reduce the use of virgin materials as engineered fill. The most 
significant limitation to material reuse or reduction in quantity has been the requirement 
for a full understanding of the engineering behaviour of the materials involved under the 
applied loading – many complexities are involved – and also a lack of appropriate tools 
with which to measure the required parameters both in the laboratory and field.  
The UK specification for earthworks and foundations has traditionally followed a 
‘method’ or recipe approach to provide adequate ‘performance’, based upon large scale 
trials and long-term experience. However, current requirements, such as for traffic types 
and levels never previously envisaged, result in requirements for more innovative 
designs. In addition, the move to ‘design and build’ forms of construction contract, 
whereby short- and long-term construction risk is transferred to the constructor, also 
allows for more potential innovation. Partnering and other novel forms of contract also 
permit traditional approaches to be enhanced with a greater element of ‘value 
engineering’ and ‘whole-life cost benefit approach’ wherein greater performance 
evaluation and ‘fit for purpose’ criteria may allow more progressive design and/or the 
use of more recycled/marginal materials. In many cases, however, the required 
knowledge of material performance, laboratory and field assessment and assessment of 
the potential risks involved, especially in the longer-term, has somewhat stifled the full 
introduction of full analytical design and performance-based criteria and thus act as a 
barrier to sustainable construction. It is clear that innovation relating to material 
performance, and the expected performance (which is actually measured/observed on 
site), requires a careful allocation of ‘risk’ in the contract form used and consideration 
4of how this can risk apportioned between the designer/specifier, contractor/constructor 
and material supplier to safeguard against problems. 
This paper reviews the performance required for geotechnical materials to perform 
adequately in trafficked infrastructure, the specification approaches available and 
describes and discusses the development of a performance-based specification for 
highway earthworks/foundations. It also briefly discusses implications for its full 
implementation into the construction of transport infrastructure.  
2. FUNCTIONAL AND PERFORMANCE REQUIREMENTS OF 
EARTHWORKS MATERIALS  
There are many properties that geotechnical materials should ideally possess if they are 
to be considered suitable for inclusion into engineered earthworks and transport 
infrastructure foundations, though these may vary somewhat between the end 
applications of the earthwork structure. However, the materials should have generic 
requirements of being: 
• relatively easily handled, prepared and compacted with modern plant, 
• chemically stable and non-hazardous to the environment in the long-term, 
• insoluble, 
• non-biodegradable, 
• serviceable during the design life of the structure, 
• readily available at economical prices, 
The serviceability requirements for these materials are primarily concerned with their 
engineering behaviour in relation to strength and volume stability. Therefore, once 
incorporated into an engineered earthwork, the materials should ideally maintain these 
characteristics to within suitable threshold limits for acceptability. The level of 
serviceability required, i.e. required performance, of any material is dependent upon 
several factors, and these are considered to include: 
• the design life requirement (usually in years) of their proposed use, 
• the environmental conditions (and changes) that occur during the in-service life 
of the structure (often linked geographical location and drainage efficacy), 
• the loading conditions experienced during construction and in-service,  
• the position of the material within the overall structure,  
• the inter-relationship/ composite behaviour of the material within the structure,
• the ‘risks’ associated with non-performance or compliance, 
It is the last point that is often balanced against the costs, and if the risks can be 
controlled and better predicted then a more sustainable use of materials can be fostered 
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making the construction more economic. Consequently, performance levels can only be 
determined if a sufficiently robust design method exists or experience in a similar 
environment, against which suitable targets can be set, to enable some control of the 
risk.  
3. SPECIFICATION APPROACHES  
In general, the specification is either based upon a method, end-product or performance 
related approach, and each deals with or attributes the risks in a different way. 
Traditionally in the UK the risk/cost balance is conservatively managed, and is based 
upon experience of using the same materials for similar applications (i.e. empirical 
guidance and method specifications). To move specifications forward to an approach 
where specific targets are set and have to be measured to prove compliance requires 
both a suitable design approach and suitable measurement equipment. In the more 
advanced approach material characteristics required for the specific application can then 
be set based upon the functional or inferred parameters (with end product or 
performance-based specifications) and, if required, offset against performance 
requirements set by the construction and serviceability constraints. Therefore, in theory, 
any material that fulfils these specifications’ criteria may then be used in the earthwork 
structure. However the less robust the information used to design or specify, the more 
prescriptive the specification, with method or recipe approaches being the most material 
specific and performance approaches more behaviour specific. 
For sustainable construction there is a need for an ‘optimisation’ material selection 
approach, whereby an understanding of the design implications of a better or lesser 
performing material can be predicted and accounted for. For example, in the case of a 
highway scheme, a lesser performing material may be suitable but need to be 
constructed to a greater thickness to achieve the required performance, but weighed up 
with regard to transportation and balancing cut and fill at the site, and or savings 
available in reducing/ thinning with better but more expensive materials. 
Within any approach adopted the availability, quantity, transport and cost are often the 
major factors governing the selection of any proposed material. However, in the UK the 
‘environmental quality’ of a construction tender proposal is now of greater emphasis in 
the procurement process. Therefore, for the more sustainable approach all projects 
(above a certain size) should attempt to achieve a ‘geotechnical materials balance’ by 
matching the amount of on-site cut and fill negating the need to import or export 
materials from site. Where there is a shortfall the required volume should, ideally, be 
sourced locally without prejudice against lower quality materials by an unnecessarily 
strict material specifications (Coombs et al, 2001). 
From the above discussion it can be seen that the suitability and acceptability of any 
selected geotechnical materials are largely controlled by the framework of the contract 
and the specification used for the scheme. The specification constraints must thus be 
carefully considered and chosen to ensure that an ‘adequate’ result, providing a 
minimum level of performance, is achieved. The specification must, ideally, be easily 
6understood by all the parties and capable of being enforced economically. The three 
principle approaches to the specification of engineered earthworks (Trenter and Charles, 
1996) are a method specification, an end product specification and a performance 
specification and these are explained and commented upon in turn below. 
Method specification 
The ‘method’ specification approach requires a particular material, and states clearly a 
range of material classifications and their acceptability for different applications, to be 
placed and compacted in compliance with a particular and stated method. Typically, the 
contract documentation dictates that each compliant material should be placed within a 
designated moisture content range to a certain layer thickness and compacted with a 
given number of passes of nominated compaction plant. It is then assumed, based upon 
previous experience, that the performance thereafter will be adequate. 
The onus is to create either a method of working such that a suitably stable platform is 
produced or to state which (published and accepted) standard specification is to be 
followed that is assumed to give a level of performance (which may or may not be 
measured in some way) that is fit for purpose. The simple method specification is 
currently the most common form of approach (particularly in the UK, DfT, (MCHW), 
1998). It is based on satisfactory past performance of (generally) good quality materials 
handled and compacted in a traditional way. The UK Specification (DfT 1998) was 
derived for roads, in-particular for heavily trafficked motorway construction, and is 
used extensively, often in a slightly modified form, across many areas of the 
construction industry as a result of a strong basis of extensive experimental research and 
full-scale field trials (Parsons, 1992). Typical examples of its use include the design of 
local lightly trafficked roads, industrial pavements, ground bearing slabs, airport 
runways, railways as well as the construction of engineered fills and embankments. 
The UK Specification restricted the range of acceptable materials to a limited number, 
tightly specified by index properties such as particle size distribution and particle 
strength for example, although in recent years does now permit some alternative 
(recycled and secondary) materials that cover a broad range such as asphalt planings 
and a category for hydraulically bound materials (Nunn, 2004). There are many 
advantages to using method specifications, such as the wide spread familiarity with 
standard proven materials and techniques. However, this is reliant on the maintained 
quality of the source material, its water content and the compactive effort applied 
(assuming layer thickness is well controlled) to achieve adequate compaction and 
subsequent performance. These factors have the potential to vary on site through 
changes in weather and variable workmanship. The impetus to reuse and recycle 
materials, or use secondary materials, is somewhat obstructed as their characteristics are 
currently not well proven and insufficient experience may lead to errors in specifying 
the most appropriate laying procedures (Coombs et al, 2001). In addition, the materials 
are seen as ‘equivalent’ in that the empirical design does not distinguish between 
performance, only material class and hence potential savings opportunities are 
restricted. Thus, for conventional materials the method specification approach yields 
adequate results but can be considered restrictive for newer materials or designs. 
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The disadvantages of a method specification includes the need for materials to be 
classified into ‘categories’ and thereafter to be controlled in a rigorous way. The 
classification tests used to classify the material are heavily reliant on a good ground 
investigation prior to construction to set the acceptability limits for site excavated 
materials. These acceptability limits are based upon simple index tests which are only 
indirectly linked to the expected performance (e.g. abrasion tests or plasticity index).  
This often leads to conservatism and over-design, and often over-use of primary high 
quality quarried materials. In addition, frequently for a method specification no 
auditable assurance of build quality is available as no measurements of the as-
constructed material layer(s) are made or are demanded. When using such an approach 
the risk of material or method non-compliance and later in-service problems rest firmly 
with the designer/client and there remains little flexibility for innovation and or cost/risk 
control. 
End product specification 
An end product specification is used in the construction of engineered fills where 
relatively high performance is required against some specific criteria, but the actual 
performance after placement is difficult to monitor. This form of specification requires a 
material to be compacted into an acceptable condition which is then assessed, usually as 
a pass/fail criterion (Trenter and Charles, 1996). The end product target is usually 
specified as a function of compacted properties (as a range of acceptable water content, 
dry density and/or air voids) or shear strength in the case of a cohesive soil. It demands 
a good understanding of variations likely in the source material usually from a suite of 
laboratory tests at the preconstruction stage, e.g. particle size distribution, compaction 
behaviour with variations in water content, compactive effort and so on. The resultant 
performance is assessed in terms of strength/compressibility (and/or permeability in 
some applications) through relationship testing (Nunn 2004 and Chaddock and Merrill, 
2004). The specified ‘acceptability envelope’ is considered by the designer/specifier to 
represent a condition whereby the material should perform satisfactorily. It is a useful 
check for ensuring that the source material when placed is not too wet or dry, or 
indirectly too fine/coarse or in the case of a mixed soil an imbalance of any specific size 
range, and thus receives an appropriate level of compaction.  
The compliance with an ‘end product’ specification requires rigorous site testing by 
(ideally) direct measurement of the required insitu material properties to check against 
the specified range. In some cases for these parameters (such as density) many 
alternative measurement techniques exist, and the test method’s repeatability and 
reproducibility may be an issue which must be factored into the specified limits. In 
some cases the direct measurements of the end product required is difficult and indirect 
methods for controlling the suitability of the materials can be used. These are normally 
based on water content / pseudo –strength characterization and give a check of 
acceptable workability such as the Moisture Condition Value (MCV) as applied to 
cohesive soils (DfT, MCHW, 2004).  
8The primary advantage of the end-product specifications are that they provide some 
assurance that a suitable material has been worked in a suitable way and achieved what 
can be expected of it, in terms of some measurable characteristic against a specific 
target value. Thus it is a very useful part of the quality assurance procedure and may be 
expected to ensure the quality of workmanship is adequate, and that effects of 
environmental changes such as wet or cold weather can be readily determined and the 
work programme adjusted to suit. In addition, if subsequent problems arise at the site 
there is an auditable information database that should demonstrate very useful 
information as to the state of the material at the time of placement.  
The primary limitations of an end product specification are the difficulty in setting 
suitable target values and whether these do in fact provide a real guarantee of suitable 
performance. Laboratory test results, such as density or air voids, are often used as 
target values for the fieldwork, but can be misleading or misinterpreted as the field 
conditions and plant used are usually very different to the controlled laboratory 
preparation methods applied to the sample specimen and the environmental conditions. 
The main shortcomings of laboratory based tests link to the effects of confinement and 
often limited particle sizes allowable in the small sample containers. In addition the 
constrained action of compaction by a drop hammer or vibrating ‘foot’ applied to the 
material under test in the laboratory in contrast to the rolling, kneading and vibrating 
compaction action experienced in the field lead to discrepancies in setting target values. 
These problems can be somewhat negated by the setting of field targets for density for 
example from full-scale trials (though it is still prudent to perform laboratory tests to 
look at the effects of variability which is uneconomic at full-scale).  
The pass/fail methodology of an end-product approach does transfer risk to the 
constructor for achieving the desired target value. However, there are often disputes 
relating to the number of tests required and their location when any single test fails to 
achieve a specified minimum value. A pass/fail approach does not readily address the 
actual performance of the material, and may only be an indirect or inferred indicator of 
suitable likely performance. Density, for example, has been shown to be inadequate as a 
direct indicator of material performance under rolling wheel load as it does not easily 
correlate to the engineering parameters required for performance of a road foundation 
for example (Fleming et al, 2001). It may be a useful indicator of the final material 
state, however. The sensitivity of the material/foundation ‘performance’ to a (small) 
change in the measured value in an end product specification is often unclear and hence 
the cost and value benefits cannot be controlled in an effective manner by this approach. 
Performance specification 
A performance specification stipulates the way in which the earthwork, either in layers 
or as a whole, should act under the conditions likely to be encountered in service.  As a 
consequence, ideally no constraints are given to the choice of materials or the amount of 
handling and compaction they require as long as they achieve the required (measured) 
performance. However, guidance may be given as to which materials might be expected 
to demonstrate good performance or how the performance can be enhanced (by the 
addition of stabilizing agents, for example). In general, the earthwork performance that 
is required may be constrained only by the amount of support (stiffness) that is required 
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by the structural loads from above and the serviceability-related criteria of the structures 
(which can mean the highway surface, railway track, airfield runway and so on) during 
their life. Account of the long-term environmental constraints/changes thus also need 
addressing, particularly for earthworks in the control of pore water pressures through 
adequate drainage to ensure long-term volume stability and strength/stiffness.
The advantages of a performance specification approach from a strategic view may be 
considered as: 
• identification of performance relationships from which appropriate performance 
parameters can be specified, 
• allows flexibility and material source individuality for the 
manufacturer/supplier, 
• address recycling opportunities (greater use of reclaimed, blended and marginal 
materials etc), 
• can specify higher performance for more heavily trafficked/higher loads, 
• from the client’s viewpoint it can permit a greater risk/liability to be apportioned 
to the constructor, 
However disadvantages are considered to include: 
• the need for a greater level of material understanding especially in the longer 
term. (Although this could however be considered an advantage as engineers can 
design the scheme from first principles),  
• the initial need for greater frequency of testing (in the laboratory and field) for 
design and construction assurance,  
• the need for reliable methods for assuring that the fill materials used present a 
low risk of contamination to comply with environmental constraints, 
• the potential that this may initially result in increased tendered costs due to 
uncertainty, and lack of experience from constructors, (especially during the 
introduction phase of the specification where assessment methods may be new 
to the industry), 
• the need for current contractual documentation and procedures to be 
significantly revised to permit the use of a performance framework. 
• the possible need for extensive trials to gain confidence in the robustness of the 
specification.  
These issues thus require that during initial introduction support and guidance on 
remediation (if a section fails the performance requirements) will be required from the 
specification originator, which itself has risk and contractual implications. This 
approach thus transfers the onus is on the specifier to ‘understand’ the materials, their 
behaviour and limitations and thus the consequence and significance of the measured 
performance data. Much research work has been done on the development of a 
performance-based specification for use in the UK and this is described below. 
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4. DEVELOPMENT OF A PERFORMANCE RELATED 
SPECIFICATION FOR HIGHWAY FOUNDATIONS 
The philosophy for a performance specification 
A performance specification aims to provide a real assurance that what is being paid for 
is being provided, and that material performance is fully optimised in the scheme 
construction (Fleming and Rogers, 1995). A performance specification can only be 
produced if there is a means of quantifying, by direct measurement, the performance of 
the as-constructed product against the design. If this is possible, then a specification for 
the product, and the materials from which it is made, can identify the measurable 
criteria. This gives the manufacturer of the product freedom in both how it is made and 
what it is made from, which in turn creates opportunities for innovation and/or savings 
(e.g. in materials, process, or time). The production process may thereby be made more 
efficient and economic. In the case of pavement foundation construction, there are 
additional environmental/sustainability benefits to be gained by widening the range of 
possible materials or by enabling the full use of the potential properties of the 
foundation materials, which may then allow benefits and savings in the design and 
construction of the overlying, more costly, structural layers.  
The decision as to which performance parameters are required is dependent on a good 
understanding of both the functional requirements and the performance requirements of 
the material/construction. The design of the pavement foundation requires target values 
of these performance parameters to be defined. The target values (and hence design 
requirements) are different for the short-term (construction) condition than the long-
term (in-service) condition. This is a result of the different loading and environmental 
conditions. These target values can be set based upon: theory, previous experience 
and/or full scale trials. Each of these has limitations and it is suggested that a 
combination of all three methods is probably most appropriate. 
Therefore, to assess material performance within a performance-based specification, the 
following must be available: 
• a means of measuring the design-related performance parameters of the 
subgrade in the laboratory for both the short-term (construction) condition and 
the long-term (in-service) condition, 
• a method of accurately predicting environmental (water content) changes in the 
pavement foundation over the long-term, 
• a means of incorporating the measured parameters in the design process, i.e. a 
suitable analytical or semi-analytical model, 
• an ability to measure the same parameters for the subgrade and pavement 
foundation layers in the field, in order to assess compliance with the design, and 
to facilitate the setting of suitable target values for construction which will 
provide assurance of the quality and performance of the final product. 
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Generic physical and environmental loading criteria  
Within the pavement’s foundation (in the wider sense), and the supporting earthwork 
the performance required includes the following; 
• provide support for a (limited) number of construction vehicles, 
• provide an adequate base for the construction of the overlying layers, 
• provide adequate support to the overlying structural layers long-term, 
• have sufficient chemical and physical stability, 
• provide frost protection to frost susceptible subgrade soils beneath, 
It is clear that the main material property variables to resist load within any performance 
specification are stiffness and strength. In the case of the material behaviour under 
repeated loading the ‘strength’ criterion is often termed the resistance to permanent 
deformation and has been shown to be influenced by the individual layer and, perhaps 
most dominantly, the interaction of adjacent layers. The stiffness of individual layers, 
whilst important, is also dominated often by the interaction of adjacent layers. These 
facts must be used to establish the criteria for the selection of suitable testing equipment 
to measure the performance of the layers/composite structure insitu under appropriate 
stress conditions. Frost susceptibility may determine the minimum depth of non-frost 
susceptible materials above the subgrade. Chemical and physical stability is assessed by 
durability tests, though these are difficult to predict and thus set targets on a wholly 
fundamental basis and traditionally pass/fail values have been empirically derived. 
Durability is not considered in any detail hereafter. 
Pavement foundation and material behaviour under traffic 
The stress pulse generated when a vehicle wheel travels across a pavement consists of 
vertical and horizontal stress components with an approximately sinusoidal (double) 
pulse of shear stress (Brown, 1996). This stress pattern subjects an element within the 
pavement to a rotation of principal stresses. This pulse varies with the speed, load and 
direction of the vehicle, and becomes repetitive with the passage of more wheels. This 
surface load (or pressure) is dissipated through the pavement structure and hence 
reduces with depth. The pressure distribution is primarily affected by vehicle speed and 
the stiffness ratio of the layers. 
A cycle of stress causes both elastic and plastic deformations (i.e. strains). There are 
many factors that affect the magnitude of each of these strains, and consequently the 
material performance in a pavement. The resistance of a material to the accumulation of 
plastic strains is relatively complex. Recent research (Frost et al, 2004) has indicated, 
however, that it may be possible to control permanent strain accumulation through 
adequate material strength, thus allowing some assessment from simpler strength tests.  
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The field behaviour of stiffness and resistance to permanent deformations (rutting) of 
materials is in general well understood, with regard to the loads applied, material layer 
properties and behaviour and the interaction of layers. This last point is significant as a 
relatively stable/strong granular layer that is well compacted (i.e. high relative density 
and good interlock) above a subgrade with a propensity to accumulate permanent strain 
may be compromised after many load cycles as the subgrade deformation permits 
dilation of the granular layer above. In addition, the stiffness ratio of two material layers 
affects the stress distribution caused by traffic and thus the strain distribution. The non-
linearity of the soils can further exacerbate full analysis as the stiffness response of the 
materials is affected by the stresses imposed, and thus depends on position also. These 
factors are most significant in the analytical modelling of the pavement foundation 
structure accurately, though is important for the effective setting of target values for the 
as constructed foundation.  
Environmental considerations 
Changes in environmental conditions, in both the short-term and long-term, will 
influence material performance, especially for fine grained soils. Pavement foundation 
design is traditionally based on construction related loading, but it is essential to 
consider the effects of long-term behaviour and potential environmental changes on 
performance. For fine grained soils this is further complicated by the observation that 
the material state at the construction stage affects changes that can occur long-term, 
primarily due to pore water pressure equilibration due to the hysterisis effects associated 
with these changes, (Black and Lister, 1976). 
The long-term equilibrium water content value, once attained, is expected to remain 
relatively stable under impermeable pavements. Factors such as a lowering of the water 
table (due to the early installation and effectiveness of sub-surface drainage), changes to 
the stress history of materials (due to the removal of overburden in cuttings or 
additional stresses due to pavement construction), changes to the material structure 
(remoulding due to the construction operations), material type, temperature, humidity 
and rainfall may all result in changes to the material’s expected equilibrium water 
content, and hence the mechanical performance of the material (13). Although these 
factors primarily affect fine-grained subgrade soils, granular capping and sub-base 
foundation materials can also be affected if excessively wetted during construction. 
The prediction of equilibrium water content and its effect on pavement performance is 
difficult to establish as the soil mechanics are complex and little data exists from long-
term monitoring. The simplified methods in existence (Black and Lister, 1976) may be 
expected to be conservative. For accurate laboratory testing for design, the subgrade 
condition must be modelled allowing for changes in its compacted state, environmental 
conditions (water content) and applied loading (e.g. number of cycles of load depending 
on the construction operations performed), and the material location (i.e. cutting or 
embankment). There are four main material states that should be considered: 
• undisturbed: as found in the base of cuttings or ‘at grade’ at the time of 
construction, 
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• remoulded: re-compacted soil at the in-situ water content, as found in 
embankments at the time of construction or after reworking, 
• samples in the two conditions above, but at their long-term equilibrium water 
contents after equilibration of excess pore water pressures,. 
For laboratory testing, undisturbed samples may be prepared directly from the subgrade, 
while remoulded samples can be prepared by reconstituting a sample of the subgrade 
using an appropriate compaction method. To create samples that accurately represent 
the long-term equilibrium condition, however, requires further research.  
Development of a performance specification through research 
The authors have been involved in the development of a performance specification that 
meets the criteria defined above through three key stages of research. The first 
comprised carrying out field measurements of the performance parameters during live 
construction schemes. The second comprised the design and construction of specific 
full-scale foundation trials to further evaluate the test methods and their applicability. 
This second stage produced a ‘draft’ performance-based specification. The third stage 
was to evaluate the draft performance based specification on real sites, similar to stage 
one, but it further evaluated: implications for different contract types; testing regimes 
and their frequency; and assessed the newly proposed design methods for prediction of 
adequate performance. However, whilst the new design methods appeared to be 
sufficiently accurate, there remains room for improvement of laboratory test methods 
for design – mainly in their simplification for routine use (Frost et al, 2004). Until 
suitable routine design related tests are available, compromises have been deemed 
necessary. A phased introduction into practice was proposed so that experience can be 
gained of the proposed test methods and data produced, both to engender confidence in 
the new approach and to make best use of the considerable empirical experience that has 
been generated over many years.  
The performance-based specification produced from this research currently 
accommodates two different approaches.  
• A CBR based design approach, to assess the subgrade, upon which the 
foundation is designed for both short-term and long-term, and the field 
compliance testing provides assurance of performance (termed the standard 
approach). This is further described below.  
• A fully analytical based design approach, wherein the traditional CBR test is 
replaced by an advanced triaxial tests approach to asses likely function subgrade 
performance parameters (termed the detailed approach) for which research is 
ongoing (Frost et al, 2004). The ‘as built’ foundation performance evaluation 
can then be linked to the whole pavement design and performance.  
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A draft performance-based specification (standard approach) 
The draft specification developed features three iterative stages: design to achieve target 
performance values, a pre-construction field trial, and compliance testing during 
construction (Figure 1). 
Foundation design 
The foundation design requirements for the standard approach are similar to those in 
current use in the UK in that the in-service design requirement utilizes the long-term 
equilibrium CBR (tables exist in UK guidance). However, for the short-term design of 
the foundation (this being the contractor’s responsibility to ensure that the foundation 
can be built and provide an adequate platform for the construction of the upper 
structural layers) the insitu CBR, or an alternative parameter such as insitu stiffness, can 
be utilised. The design thickness of the foundation layers is based on static linear elastic 
theory and comprises a step to determine the required layer thickness to provide a stiff 
foundation and a further step to determine the required layer thickness to prevent rutting 
in the subgrade from construction traffic. The thicker of the two is selected.  
Target values for compliance testing during construction 
To ensure that the subgrade properties found in the field are as good as, or better than, 
those assumed in the design CBR measurements (or stiffness) are made in the field at 
regular (50m) intervals in each lane and must at least match the long-term design value 
(the short-term design being the contractor’s responsibility).  
For the next layer, the capping which is a subgrade improvement layer often utilized in 
the UK, a target composite stiffness of 50MPa (measured at 10m intervals in each lane 
with a 300mm-diameter bearing plate and contact stress of 100kPa) is proposed to 
facilitate adequate compaction of the sub-base above. The methods of measurement of 
stiffness in the field are detailed elsewhere (Fleming et al, 2000), and utilizes 
lightweight portable deflectometer technology (LWDT) (Figure 2) based on the more 
portable versions of the Falling Weigh Deflectometer (FWD) which is the accepted tool 
for the evaluation of full scale pavements and more recently in the evaluation of railway 
trackbed (Figure 3). The dry density after compaction should be at least 95% of the 
laboratory derived maximum dry density to guard against any further reductions in air 
voids (measured at 50m intervals). A limit on surface rutting of any construction 
trafficked sections was stipulated as 40 to 50mm to protect the subgrade once covered, 
based on observations that approximately 50% of the rut is transferred to the subgrade 
(Fleming et al, 2001). For the sub-base above similar limits were proposed with a 
composite stiffness of 65MPa. 
Field trial 
To demonstrate that the selected materials and designs are adequate, a site trial is 
required (especially for larger schemes) prior to construction using the proposed 
materials and methods on a representative section of subgrade. A complete programme 
of in situ testing on the subgrade, capping and sub-base is required to validate the 
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design data and target values and approve the materials. The trial section may then be 
trafficked, its relevancy depending on the construction method proposed, and any 
adjustment to the specified rut limits may subsequently be agreed on a site-specific 
basis. At this stage the contractor can consider different thickness of the foundation 
layers and combinations of materials to optimise the design. The water susceptibility of 
materials can be assessed by saturation of sections and further assessment to examine 
the possible effects of poor weather/drainage during construction. If the trial proves 
unsuccessful, the design/materials must be re-evaluated and a further trial carried out to 
confirm the design and the specification target values.  
Construction testing regime 
The subgrade is to be tested in situ immediately prior to capping placement to check 
that it meets the design values for the long term. However, if the parameters measured 
on the subgrade lie below the long-term design values (or any other pre-determined 
values which suggest that the equilibrium values may subsequently fall below the 
design values), then the long-term design may need to be amended as construction takes 
place. ‘Soft spots’ will need to be isolated and treated accordingly. If the targets for the 
subgrade fall below the short-term requirements for site construction (this is the 
contractor’s responsibility, and thus the contractor must balance the construction costs 
versus risks for these situations), then either additional excavation and 
addition/thickening of capping or subgrade stabilisation may be needed. Future 
possibilities include taking account of improvements in the long-term design and 
reduction in thickness of the sub-base, or even upper pavement layers. 
Once the subgrade is shown to be acceptable, the capping and sub-base layers can be 
constructed. The amount of surface rutting under construction trafficking should be 
monitored as construction works proceed and compared to the limiting values. Capping 
density should be checked to guard against long-term deformation, and the top of 
capping composite stiffness measured immediately prior to sub-base construction to 
ensure that adequate compaction of the sub-base can be achieved, similarly on the sub-
base layer.  
Implications of performance related specifications 
It is considered that the proposed change in the UK to a performance-based 
specification for road foundations will, in the short-term, not significantly affect the use 
of traditional materials, but will open up new possibilities for other materials. The new 
specification will allow contractors to use a wider range of materials, if their 
performance can be demonstrated to be acceptable. The most significant change will be 
that materials provided will have to be shown to be able to perform in situ, i.e. that the 
materials can be trafficked (as per the site requirements) without excessive rutting and 
that a target stiffness (and density) can be achieved when compacted onto a typical 
subgrade. Therefore a greater appreciation of the likely performance of supplied 
aggregates will be needed from their suppliers and contractors in general. 
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In the medium-term it is anticipated that the material suppliers will be required to 
provide performance data relating not only to the durability of their materials but also 
the performance parameters of stiffness and strength/permanent deformation. Similarly, 
constructors will be required to provide assurance of any proposed material’s suitability 
and performance once placed. 
In the longer-term, the move towards a fully analytical approach to pavement 
foundation design will require a much greater understanding of both the performance of 
the materials supplied and the use of appropriate performance test methods. In addition, 
the performance of stabilised materials has to date been investigated to a lesser extent 
than unbound foundation materials, requiring further research. 
A performance-based specification transfers the risk (or liability for failure to comply 
with the specification) to the contractor/constructor. This is an important factor for the 
client/employer who may have traditionally carried much of the risk of poor 
performance – especially for method specifications. The specifier, however, needs to 
ensure that the performance criteria are appropriate and are neither too optimistic nor 
too conservative as to force over-design. Compliance with a performance specification 
is ideally carried out during the construction phase of the scheme, but may only be truly 
validated by monitoring the performance and properties of the structure and materials 
used over their design life. In many cases this is the reason for a lack of use of 
performance specifications in the earthworks/foundation, or from a lack of experience 
of performance assessment techniques. Currently, performance monitoring may only 
give an indication of the short-term performance of the earthwork/structure from 
assessing the ‘as-constructed’ fill. This approach, however, is gaining credence within 
the UK highways industry, as it allows the contractor innovation and flexibility in terms 
of materials and construction methods and a form of auditing of the as built quality, and 
the embracing of more ‘sustainable’ practice – at least in philosophy.  
Recent developments  
Following developments described above, project by others are being undertaken unify 
the foundation design of pavement foundations and sub-base (Chaddock and Merrill, 
2004). It is understood that this has been undertaken from a similar approach to that 
described above, but is perhaps more similar to an end product validation. It is believed 
the method suggested does not include a detailed analytical approach but classifies 
foundations as a function of their insitu measured performance into a number of (long 
term) performance classes, similar to the approach used in French and German road 
pavement specifications. These classes can then be used to try and optimise the 
functional performance of the foundation within the overall pavement design. It is likely 
that this approach will be included in future revisions of design of pavement 
foundations  
Other applications 
The development of performance based specifications as proposed can easily be 
transferred into other similar applications relating to transport infrastructure. Its role in 
Paper 1 
17
encouraging better material understanding and more analytically based design is 
considered to be very valuable within the realms of a sustainability cultures and the 
pressing need to extend designs beyond that supported by experience, e.g. increasing 
load magnitude and cycles (i.e. design life) required for longer life roads, airfields and 
railways (with lower maintenance intervention). 
For example there is great scope for recycling and using marginal materials within 
urban/estate type roads where the traffic loading experienced is relatively low compared 
to main highways but frequently the normal full design approaches still pertain. 
Additionally good quality Type 1 materials are often used in areas where much lower 
grade materials would suffice if simple checks could be performed on site to evaluate 
the achieved performance, such as in the foundations for ground bearing slabs and 
warehouse flooring. 
In heavily loaded paved areas such as industrial or aircraft pavements it is recognised 
that thick layers and good quality materials are still required. However, if the designs 
can be optimised using a performance design approach then savings can be made and 
more confidence in the as built quality can be assured which hopefully will extend life 
and reduce maintenance. 
In railways it is the consistency of stiffness of support that is important as well as the 
magnitude achieved and design checks could ensure that any design stiffness is not only 
achieved but where changes in track-bed stiffness are required, such as in approaches to 
bridges, that this is appropriately engineered. Moves towards this have been achieved 
on the Channel Tunnel Rail Link where extensive compliance tests using plate tests 
were performed on the earthworks at track bed formation level. In conventional 
railways the use of the FWD is often used in conjunction with high speed track 
recording coach, track quality data to assess trackbed problem areas and propose their 
remediation. The FWD has also been used to assess designed stiffness discontinuity on 
bridge approach slabs. However insitu design checks during renewal work using less 
expensive checking techniques (such as the LWDTs suggested above) would help 
assess formation condition and perhaps reduce problem areas in the longer term, 
especially where drainage could be perceived to be a problem. This approach could be 
even more important in areas where slab track systems are used (such as the new high 
speed lines constructed in Holland and Germany) where the maintenance and 
remediation implications of loss of support to the track slab are considerably greater 
than subgrade problems with conventional ballasted track. 
5. CONCLUSIONS 
The sustainability agenda dictates that better use of fill materials is made, including 
waste and recycled materials. It has been suggested that better decision making and 
economies can be afforded with regard to material use through a strategy which 
considers the way materials perform and hence are specified for construction.
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This paper has reviewed the three types of material specification, (namely method, end 
product and performance). The advantages and disadvantages of each method have been 
considered, with regard to the best use of materials and the contractual implications. It 
is concluded that a performance-based approach best fits with the sustainability agenda.  
Although each type of material specification has its place, and it is clear that 
performance specifications require a more arduous understanding of the material role 
and required performance to fully utilise its potential (and avoid potential problems).
The philosophy of a performance-based specifications has been explained, together with 
some details for a road foundation based on recent UK based research. The performance 
parameters required are stiffness, and strength and they can be suitably measured in the 
field. Density is also considered to be important to safeguard against poor 
materials/workmanship.  
The implications of a performance approach shows the need for good communication 
between the contractual parties involved, the possible benefits of risk sharing and the 
real benefits in design optimisation that are possible.  
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Figure 1, Light Weight Drop Testers (the German Dynamic Plate Test, left, and the 
Prima, right) 
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Figure 2, The Falling Weight Deflectometer 
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ABSTRACT 
Several portable field devices that measure stiffness modulus are reviewed in detail in 
this paper including the German Dynamic Plate Test (also known as the Lightweight 
Drop Tester), the TRL Foundation Tester (UK), the Prima (Denmark) and the Humboldt 
Soil Stiffness Gauge (USA, also known as the GeoGauge). Laboratory and field data are 
presented which explain the many important influences on the measured data and 
demonstrate comparative performance with respect to the Falling Weight 
Deflectometer. These field data show significant scatter and site specific correlation. A 
strategy for compliance testing during construction, as part of a performance based 
specification approach for the UK, is suggested. Conclusions are made regarding the 
devices’ relative merits and limitations, and considerations for their introduction into 
contractual use for routine assessment during construction. 
Keywords: Insitu, Stiffness, Modulus, Foundation, Specification 
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1 INTRODUCTION 
A key functional parameter of a pavement foundation is its resilient elastic stiffness, or 
stiffness modulus as it is called hereafter. This parameter is both a measure of the 
quality of support which it provides to the overlying asphalt or concrete layers and a 
factor that determines the stresses, and hence strains, that are transmitted to the 
subgrade. Recent developments of in-situ testing devices have now made it possible to 
obtain a direct measurement of the stiffness modulus during construction. The future 
use of such devices for compliance testing is becoming a real possibility and ultimately 
may be expected to aid in superseding the use of the CBR test, considered by many as 
no more than a simple index test around which has developed an enormous wealth of 
practical knowledge. 
There are several portable test devices that reportedly measure the in-situ stiffness 
modulus for the highway foundation material under test. Those reviewed in detail in this 
paper include the Falling Weight Deflectometer (trailer mounted), the Humboldt Soil 
Stiffness Gauge, and several ‘dynamic plate test’ devices such as the German Dynamic 
Plate Test (also known as the Lightweight Drop Tester), the TRL Foundation Tester 
(UK) and the Prima (Denmark). These dynamic plate devices measure a composite 
stiffness under a transient load pulse, which is applied to the ground by dropping a 
weight onto a bearing plate via a rubber buffer. The deflection of the ground is 
measured and combined with the applied load, which is either measured or is assumed 
to be constant (by means of a constant drop height), to calculate the stiffness using 
conventional Boussinesq static analysis. The portable dynamic plate test devices 
typically can apply a stress pulse of 100 to 200 kPa over a period of approximately 20 
milliseconds, usually via a 300 mm diameter plate, and have been used for testing 
typical road foundation materials. They exhibit many similarities in their mechanics of 
operation although there are subtle differences in their design and mode of operation, 
which may lead to a variation in their measured results. The Humboldt Soil Stiffness 
Gauge, in contrast, is a relatively small vibratory test device and operates in a 
fundamentally different way to the plate devices. 
Measurements of the stiffness modulus are widely used as compliance criteria for 
construction control elsewhere in Europe [Thom, 1993]. Although the static plate load 
bearing test is widely adopted, it is increasingly being replaced by the portable and 
quicker dynamic plate tests which are described here. A suitable field test device will 
ideally be able to cope with the varied, including very coarse-grained, materials that 
could be encountered and be sensitive enough to distinguish between contrasting 
performance over a large range of stiffness that includes both soft subgrades and 
cemented materials. 
2. TEST DEVICES 
To replicate construction vehicle wheel loading, an in-situ test device should ideally 
measure the response of a transient load pulse of around 40 milliseconds or longer and 
with the load applied through a bearing plate approaching 500 mm in diameter (to 
simulate a twin tyre configuration) at a contact stress of around 200 kN/m2 [Fleming 
and Rogers, 1995]. In reality, however, the required contact stress and load pulse 
duration required to mimic vehicle loading on a layer at a given depth in a partially 
completed pavement will vary due to the stress dependency of the materials used in the 
pavement. Therefore some flexibility in the loading applied by a device is desirable. 
4The portable devices measure deflection via a central geophone (or accelerometer) only, 
thus assessing the foundation’s composite stiffness only and precluding individual layer 
stiffness by backanalysis. A description of the testing devices is given below and Table 
1 shows their pertinent features for easy comparison. 
2.1 Falling Weight Deflectometer (FWD) 
The FWD is well known as a pavement evaluation tool. It is trailer-mounted and 
comprises a weight that is raised and dropped mechanically onto the 300 mm diameter 
steel bearing plate via a set of rubber cushions by in-vehicle computer control. The drop 
height, weight and plate size can be varied to obtain the required contact pressure, over 
a large range. The load pulse duration is 25 to 40 milliseconds dependent on the 
material under test. The applied stress and surface deflections, from up to seven radially 
spaced velocity transducers, are recorded automatically and can be backanalysed to 
infer individual layer stiffnesses. However, for testing unbound materials it is common 
to utilise only the central transducer and determine a ‘composite foundation modulus’. 
The central velocity transducer bears onto the ground through a hole in the bearing 
plate. The FWD is a relatively heavy device, however, and thus applies a static preload 
to the materials under test. 
2.2 German Dynamic Plate Bearing Test (GDP) 
The GDP is described in the German specification [EFWP, 1992] and is shown in 
Figure 1. It comprises a total mass of 25 kg, and a falling mass of 10 kg that loads 
through a rubber buffer the 300 mm diameter bearing plate. An accelerometer is 
mounted within the plate. The drop height of the falling mass is set such that the peak 
applied force is 7.07 kN (i.e. 100 kPa contact stress) when calibrated on a standard 
(manufacturer’s) foundation. The actual applied force is not measured during testing. 
The load pulse duration is (reportedly) 18 ± 2 milliseconds, and can reputedly measure a 
stiffness modulus in the range 10-225 MN/m2 to a depth of 1.5 plate diameters (there 
are various manufacturers who claim slightly different ranges). The device is 
recommended for use on stiff cohesive soils, mixed soils and coarse-grained soils up to 
63 mm in size. 
The operational procedure recommended for the GDP (and the one also adopted for the 
FWD in this work to allow direct comparison) is six drops on the same spot to provide a 
single value of stiffness. The first three drops are termed pre-compaction, to remove any 
bedding errors, and are ignored. The deflections of the next three drops are recorded and 
displayed on the readout together with the computed average stiffness. 
2.3 TRL Foundation Tester (TFT) 
The TFT [Rogers et al, 1995], shown schematically in Figure 2, comprises a manually 
raised 10 kg mass that is released from a height controlled by the operator (maximum of 
1200 mm) and falls onto a 300 mm diameter bearing plate via a single rubber buffer. 
The total mass of the apparatus is 30 kg. The load pulse duration is 15 to 25 
milliseconds. The applied force and the deflection, inferred from a velocity transducer 
measuring through a hole in the bearing plate, are recorded automatically. The 
deflection derived for the material under test is determined by single integration of the 
velocity transducer signal. It currently exists as a working prototype. The operational 
procedure used for the TFT was the same as that used for the GDP. To match a target 
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contact stress (e.g. 100 kPa) a low and medium/high drop height is used and 
interpolation carried out. 
2.4 Prima 
The Prima is a device that has been relatively recently developed and marketed by Carl 
Bro Pavement Consultants (previously Phønix), and is very similar in specification to 
the TFT. It weighs 26 kg in total and has a 10 kg falling mass that impacts the bearing 
plate via four rubber buffers (of the same specification as that used in the TFT) to 
produce a load pulse of 15-25 milliseconds. It has a load range of 1-15 kN, i.e. up to 
200 kPa with its 300 mm diameter bearing plate. It measures both force and deflection, 
utilising a velocity transducer (calibrated to a deflection of 2.2 mm). The recent models 
have modified the velocity transducer mounting to measure on the ground through a 
hole in the plate (the configuration used in the trials). Up to two extra geophones can be 
deployed to provide a simple deflection bowl. The device requires a portable computer 
for data output and analysis, the proprietary software being provided with the device. 
There are few published data relating to its efficacy to date. 
2.5 Humboldt Soil Stiffness Gauge (SSG) 
The Humboldt Soil Stiffness Gauge (also known as the GeoGauge) is shown 
schematically in Figure 3. It weighs 10 kg in total, is 280 mm in diameter and 254 mm 
tall, and rests on the ground surface via a ring shaped foot. The test reportedly takes 
approximately 2 minutes to carry out and the output data can be viewed in several forms 
including ‘Young’s Modulus’. 
The SSG works by applying a range of excitation frequencies to the ground, in the 
range 100 to 200 Hz, through a 114 mm radius plate and measuring the response. The 
displacements imparted to the soil are very small, in the range 1.27x10-6m. The applied 
force and velocity are measured to determine the ground stiffness K (MN/m). This is 
then converted to a value of stiffness modulus E (in MPa) and the workable range is 
stated as 26 to 193 MPa. The device typically applies 25 different steady state 
frequencies of excitement and then reports the average stiffness of the ground (the data 
can be stored for later downloading to a PC).  
The SSG can apparently be used for earthwork constructions to satisfy many 
requirements such as mechanistic design validation, performance specification 
development, and alternative density measurement. 
3 LABORATORY INVESTIGATIONS 
To investigate the mechanical-related apparatus influences on the test results, a series of 
controlled laboratory tests was carried out and is reported in more detail elsewhere 
[Fleming, 2000]. In that study the significance of variables such as drop height, bearing-
plate mass and stiffness of the rubber (damper) buffer was investigated. A 500 mm thick 
layer of granular soil was compacted and instrumented with pressure cells to explore the 
effects of dynamic plate loading and the associated subsurface stress distribution, as 
well as to provide a comparison with static load bearing plate tests. A guided falling 
mass of 10 kg, consistent with the portable field devices, and two 300 mm diameter 
bearing plates, of 15 and 25 kg mass, were used. Quartz shear-mode single-axis 
accelerometers were used for measurement of motion of both the falling mass and the 
bearing plate. Three rubber dampers were experimented with, varying in stiffness 
6(determined as 150 kN/m, 500 kN/m and 1100 kN/m from the manufacturer’s data). 
The accelerometer and pressure cell measurements were recorded on the same time base 
utilising a 20 kHz 8-channel Analogue to Digital board and PC. The accelerometer 
mounted on the bearing plate was integrated twice, with respect to time, to interpret a 
deflection-time history. Of particular interest was the occurrence, with respect to time, 
of the inferred peak deflection of the bearing plate relative to that of the maximum 
applied force to evaluate the dynamic loading effects (i.e. phase). The bearing plate, 
initially at rest, is accelerated by the impact of the falling mass and then decelerated as 
the material under test resists the downward movement. The bearing plate initially 
reduces the net force applied to the soil, due to self-inertia from initially being at-rest, 
and then subsequently increases the net force applied due to its self-inertia when in-
motion. The pressure cell readings clearly showed the soil damping effects. 
Adjusting the rubber damper stiffness and/or mass of bearing plate clearly demonstrated 
the inertia effects. For the stiffest damper there was a significant phase difference 
between the time to peak deceleration of the falling mass and the time to peak deflection 
of the bearing plate (load pulse durations were around 11 milliseconds). This phase 
difference was reduced for a reduction in damper stiffness, with an associated longer 
loading pulse, as expected. The lowest stiffness damper showed that the inferred peak 
deflection occurred at approximately the same point in time as that of the peak force 
(i.e. was in-phase or pseudo-static loading), and this occurred for load pulse durations of 
18 milliseconds. The buried pressure cells showed that for the lowest stiffness damper 
the maximum values of pressure measured were smaller and the cell pulse duration 
increased relative to the stiffer dampers. In general, the lower stiffness dampers 
produced more repeatable results and more symmetrical loading pulses. 
The effect of increasing the mass of the bearing plate was observed to have very little 
effect on the magnitude of deceleration of the falling mass, or the load pulse times in 
general, but did increase the peak accelerations on the bearing plate (i.e. increased 
resistance to motion). The increase in mass from 15 kg to 25 kg of the bearing plate 
consequently produced a 25 % reduction in the inferred peak deflection. The increase in 
the bearing plate mass reduced the maximum recorded soil pressures by around 10 %. 
No discernible change in the duration of pressure cell pulse duration was observed for 
this increase in mass, however, showing that some of the impact/kinetic energy is not 
transferred into the soil and is used by accelerating the heavier bearing plate system (i.e. 
more inertia), thus corroborating the plate accelerometer findings. 
These data highlight the importance of a carefully considered specification for a field 
dynamic plate device, and go some way to explain the reason for differences in their 
output. 
Another important difference between the specification of the portable field devices is 
with regard to the location of the motion transducer, i.e. whether it measures on the 
plate or ground (see Table 1). The GDP and SSG measure on (in the case of the GDP 
the transducer being built into) the ground bearing plate. The FWD and Prima 
geophones are sprung to provide a down-force onto the ground through a hole in the 
plate (the Prima has a softer spring than the FWD), and the TFT geophone currently 
relies upon only its self-weight with no spring to maintain a firm contact with the 
ground. In addition, the FWD bearing plate is attached to its loading system and trailer 
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frame. This provides an estimated static pre-load of perhaps as much as 50 kPa for the 
FWD with a 300 mm diameter bearing plate (compared with static preload of 
approximately 4 kPa for the TFT and Prima and less than 1 kPa for the SSG). These 
differences between the devices may be expected to further affect their respective 
measurements, especially when measuring on highly stress-dependent materials. It 
could be reasoned that (motion) measurement on the bearing plate, and not directly on 
the ground, would be less susceptible to surface contact problems. This has been 
investigated [Van Gurp et al, 2000] on very stiff self-cementing materials with the FWD 
and it was concluded that measurement on the ground was more accurate, based upon 
validation by laboratory triaxial measurements. It was observed therein that velocity 
measurement on the (FWD) plate produced a lower stiffness (i.e. larger deflection) 
relative to measurement on the ground. The rigidity of the bearing plate is an important 
factor in this argument. For a truly rigid plate the material displacement beneath it 
should be uniform, from static elastic theory, and thus the geophone on the plate would 
be expected to read the same as for the ground under test. However, it was evident from 
the previous discussion that a transducer mounted on the bearing plate will also record 
the initial acceleration of the plate, as opposed to one mounted on the soil. Thus, it may 
be inferred from this finding that the GDP device is expected to measure a consistently 
larger deflection (i.e. lower stiffness modulus). 
The effect of the location of the motion transducer has been investigated by a simple 
series of tests carried out in a rigid box, 1.0 m by 1.0 m in plan and 0.6 m deep. A well-
graded crushed rock granular backfill (40 mm down, sub-base) was placed and 
compacted in five equal layers. The TFT and GDP dynamic plate devices were used, 
with a contact stress of 100 kPa, and the tests were repeated with a second 300 mm 
diameter rigid steel plate (10 kg mass) that was placed between the device’s bearing 
plate and the test material. Figure 4 shows the results for one series of tests (six test 
positions) on a 550 mm compacted thickness of granular material. The GDP measured a 
consistently lower stiffness than the TFT, in general. The effect of the extra plate on the 
GDP is to slightly increase the stiffness measured (i.e. reduce peak deflection) due to 
energy lost in accelerating the extra mass in accordance with the previous laboratory 
findings. For the TFT the stiffness values are nearly all reduced (i.e. larger deflections 
inferred) in accordance with the findings of Van Gurp [2000]. The effect of restraining 
the TFT geophone in this way increased the interpreted deflections by as much as 
almost 100 % at position 3. In general, however, the scatter in stiffness modulus 
measured was observed to reduce, and more so for the TFT. 
4 FIELDWORK RESULTS 
The dynamic plate devices (FWD, GDP, TFT and Prima) have been used extensively on 
both commercial and purpose built trial road foundations during a recent research 
programme. Typically the sites visited comprised foundations of clayey subgrades, 
crushed rock granular capping (75 mm down) and/or granular sub-base (typically 37.5 
mm down and tighter grading envelope than the capping). In general, a series of plate 
tests was carried out at ten test locations along a construction length of typically 30 m at 
each site. For simple comparison between devices, the correlation coefficients (CC) 
were determined from simple trendline fitting (straight line forced through the origin). 
The coefficient of variation (CoV) was also determined (i.e. the ratio of standard 
deviation to the mean, expressed as a percentage) for each series of tests. The detailed 
data are presented elsewhere [Fleming et al, 2000] and briefly summarised here. The 
8SSG was evaluated during a separate programme from comparison with the GDP at a 
series of highway reinstatement excavations. At each site the two devices were tested on 
the same point, and at up to three different locations on the compacted backfill. The 
backfill comprised well-graded granular crushed rock (40 mm down, a Type 1 sub-
base). There was occasional opportunity to measure on each of up to four layers of 
backfill, with a typical lift thickness of 150 mm.  
4.1 Stiffness Magnitude and Variability 
A very wide range of values has been measured to date with the average stiffness 
modulus (for each series of tests) in the range 8 to 211 MPa with the FWD, 13 to 100 
MPa with the GDP, and 11 to 306 MPa with the TFT. The GDP gave consistently lower 
readings than the other devices. Figure 5 shows measurements on a 400 mm thick 
granular (gravel) capping using all three stiffness measuring devices at ten equally-
spaced locations along a 20 m test length. It shows reasonable parity between the FWD 
and TFT, whilst the GDP is consistently lower but follows the same general pattern. In 
many instances, however, the relocation of a test at only 1 diameter away gave a 
significantly different stiffness modulus, whereas repeat tests on the same spot were 
found to be approximately consistent.  
The variability in measured stiffness modulus for each test device, for any one series of 
tests (i.e. the same construction), was quantified by the coefficient of variation 
expressed as a percentage. In general, greater variability was observed for tests on the 
natural sub-formations encountered than for the more controlled capping or subbase 
materials. The variability for the sub-formations was generally in the range of 25 to 60 
% for the FWD and the TFT, and in the range of 20 to 50 % for the GDP. For the 
capping the variability was generally in the range of 10 to 35 % with the FWD, 20 to 40 
% with the TFT and 20 to 40 % with the GDP. Recent work on the top of completed 
foundations, i.e. top of sub-base, has provided relatively low CoV values of around 15 
% with both the GDP and the Prima. 
Where possible, tests were carried out at precisely the same location on successive 
layers and an improvement in stiffness was evident. From the FWD results for granular 
capping (typically 400 mm thick) over the sub-formation an average modular ratio of 
1.7 was calculated and for sub-base (typically 150 mm thick) over capping the ratio was 
1.5 with the Prima. However, it was also observed that an exposed and dried out clay 
sub-formation can give a greater stiffness modulus than a thick layer of granular 
capping, highlighting the importance of careful interpretation of the data. 
The fieldwork comparing the SSG to the GDP on sub-base backfill (in highway 
reinstatements) gave values of CoV in the range 5-20 % for both devices (for small 
samples of only 3-6 tests, however). The SSG stiffness data were in all cases greater 
that the GDP values, consistent with the other fieldwork findings. Where an increase in 
stiffness was observed with the GDP, an increase in stiffness was also observed with the 
SSG. The SSG also recorded a greater range of stiffness values, possibly suggesting 
greater sensitivity than the GDP. However, the stress applied with the SSG is very low 
in comparison to the other devices. 
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4.2 Correlation Between Devices 
Comparison between devices using a correlation coefficient (CC), determined from 
simple straight line curve fitting (forced through the origin) and using the FWD data as 
a benchmark, has indicated site specific relationships. Considering all the sites, the GDP 
gave a CC range of 0.43 to 1.41, with the majority in a band from 0.46 to 0.70. 
The TFT was found to correlate more closely to the FWD, with a CC range of values 
from 0.81 to 1.40. In addition, seven out of the ten TFT data sets were within ± 20 % of 
the FWD readings. The Prima has been found to correlate well with the FWD, giving 
0.97 (from only one data set) at a site where the TFT gave a CC of 1.13 and the GDP 
0.63. The correlation coefficients are useful for comparing global sets of data, but in 
general large scatter exists (evidenced by poor R2 values, i.e. goodness of fit of the 
trendlines). Figure 6 shows a typical set of data for test on 400 mm of capping and the 
clayey subgrade. 
Figure 7 shows the relationship of the SSG and GDP testing for all the data (50 
tests).The trendline suggests that the SSG stiffness modulus is 1.3 times greater than the 
GDP, but with large scatter. In general, the SSG stiffness modulus was more repeatable 
and correlated better with the GDP for the tests on thicker layers of sub-base. This could 
perhaps be attributed to the more uniform compaction state existing and/or the 
shallower depth of measurement of the SSG. More work is clearly required with this 
device to reach clear conclusions as to its accuracy/correlation with other devices. 
Seikmeier [Seikmeier et al, 2000] also evaluated the SSG, with an FWD, Loadman (also 
a small portable dynamic plate device, developed in Finland) and the Dynamic Cone 
Penetrometer. Relatively few data were presented however, though it was concluded 
that similar trends were observed for the stiffness measuring devices in comparison to 
percentage compaction of the soil under test. 
4.3 Stress Dependency 
Figure 8 presents the results of a study of the stress dependency of the compacted 
granular materials and the subgrade soils for one of the trial foundation sites. The figure 
shows that the applied stress varied from approximately 35 to 120 MPa for the Prima 
and TFT, with a strong stress dependency for the tests on granular sub-base, as 
expected. The FWD measured no change in stiffness modulus over its (higher) applied 
stress range. The FWD minimum stress is restricted to approximately 100 kPa, due to 
the minimum self-weight of the (automated) drop assembly, and was in the range 130 to 
325 kPa for these tests. The FWD stiffness modulus agrees reasonably well with those 
for both the TFT and Prima at their higher stress level. The GDP stiffness modulus is 
again approximately half that measured by the other devices. For the tests on the 
subgrade the Prima showed a small increase in stiffness modulus with applied stress, 
whereas the TFT showed a stronger stress dependency and more so than for the granular 
material. However, the subgrade at this trial site has appreciable gravel content in the 
clay matrix. 
The stress-dependent nature of both soils and granular materials complicates the 
comparison between test devices that apply different contact stresses, and this is 
especially difficult for the SSG, which applies a very low contact  stress (<1 kPa). 
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5 DISCUSSION 
It is clear that the field devices have each been developed to a different specification, 
perhaps dependent on the country of origin or for a specific intended use. In addition to 
variations in the mechanical properties for the dynamic plate tests (TFT, Prima and 
GDP), such as the bearing plate mass and stiffness of damper (which largely controls 
the load pulse duration), the transducer type and methods of measurement also varies. 
The interpretation of the transducer signal, with respect to smoothing and the method of 
integration (or in the case of the GDP double integration), is difficult to determine from 
the information available but may also add to the influences for variation in measured 
results. The rate of loading may be expected to introduce different dynamic effects in 
the ground under test, although pseudo-static conditions were identified in the 
laboratory investigations described herein. From this work a load pulse duration of >18 
milliseconds was considered appropriate for a 15 kg bearing plate (e.g. similar to the 
GDP and Prima), and somewhat longer (i.e. a softer damper) is probably required for a 
25 kg bearing plate (e.g. for the TFT and FWD). However, the surface measured 
deflection at a single point is considered relatively complex for a multi-layered 
structure. The maximum deflection is an accumulation of the sub-surface strains, which 
will vary with both position and time. The static Boussinesq half-space analysis is 
currently used to determine the stiffness modulus and is a simplification, though further 
work is required to estimate the errors of using this approach. 
The plate dimensions (i.e. diameter) will obviously affect the depth of significant 
stressing, and a diameter of 300 mm appears to be the common standard adopted, for 
technical and portability reasons. However, the SSG has a 114 mm diameter plate and it 
is proposed that further correlation/validation work is required with this device to 
determine the effects of this and the low stress regime on its stiffness modulus 
measurements. 
The field data have shown a large range and variability of stiffness modulus readings on 
a variety of typical UK materials and constructions. More work is clearly required to 
expand the database and give greater confidence in the measurements for decision 
making. This work is ongoing. 
6 SITE TESTING CONSIDERATIONS/STRATEGY 
It is clear from the literature related to in-situ assessment that many different devices are 
increasingly being used in pavement engineering, and in some cases now form part of 
foundation construction specifications. In the UK, however, a method specification 
(MCDHW, 1993) is still largely employed with no ‘as built’ performance requirement. 
However, current research by the authors is further addressing this problem. 
Current thinking on the required testing strategy incorporates both stiffness modulus 
testing and some form of resistance to permanent deformation requirement (primarily to 
avoid unnecessary damage caused by construction vehicles). The stiffness modulus 
testing strategy comprises testing each layer of the foundation (when completed and 
ready for the next overlying layer) to ensure adequate load spreading capability and also 
sufficient resilient support to allow full compaction of the immediately overlying layer. 
The setting of suitable target values of stiffness modulus is under review but the 
proposed values have been determined from fieldwork. Testing each layer is considered 
superior to testing only on the completed foundation, although requires more effort. It 
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will help identify uniformity of construction and materials, identify soft spots and allow 
their remediation, provide a useful indicator of the general ‘as built’ quality and inform 
engineers better with regard to the influences on material behaviour. In the longer-term 
better informed decisions may be possible with regard to the relative merits of the many 
different materials used (e.g. stabilised subgrade in comparison to quarried aggregates) 
and facilitate innovative designs, which is currently difficult under UK guidelines. 
The fieldwork carried out to date has shown significant variability in the measured 
stiffness modulus with any one device on nominally the same construction, and also 
between devices. If measurements are to be made on site during construction and 
compared to an absolute target value, then it would appear prudent to carry out careful 
full-scale trials either prior to or at the beginning of the contract to define the site-
specific relationships and assist with material/method selection. If the TFT, GDP or 
Prima were to be used, it is considered sensible to correlate these devices with FWD 
tests (or static plate load bearing tests based on the philosophy of the German Highway 
Works Specification) to improve confidence in their use. 
The current programme of fieldwork is evaluating a statistical analysis approach 
whereby the results of sets of tests have to be all above an absolute minimum stiffness 
modulus value, and also have to have a rolling average above a (higher) threshold value. 
In the absence of a consistent rationale for correcting one device’s stiffness modulus 
values to that expected with another device, previous site relationships for similar 
constructions is being used to estimate an average correction factor for the use of the 
portable dynamic plate tests (e.g. for GDP to FWD). The current research programme is 
also evaluating the operational problems of implementing a performance-related 
specification, for the road foundation, into standard forms of contract. 
7 CONCLUSIONS 
The results from different stiffness modulus measuring devices can be dramatically 
different, for reasons yet to be fully evaluated. Some of this difference can be attributed 
to different transducers, their mounting, different load pulse durations and the 
mechanical specification of the device. The German Dynamic Plate Test has been found 
to give consistently lower stiffness moduli than the other test devices. One probable 
reason is the use of an accelerometer mounted within the bearing plate. 
The Soil Stiffness Gauge has a very different mode of operation to the portable dynamic 
plate devices. The very low strain/stress amplitude is a cause for concern for testing 
stress-dependent materials and when comparing its results to other devices’ data. 
However, it is simple to use and requires further experience to determine its potential 
role in field performance-related testing of stiffness modulus. 
A specification including a requirement for assessment of stiffness modulus in situ 
needs to take proper account of the expected variation in the stiffness modulus of a 
foundation from one point to another and the effects of variations in applied stress (or 
rate of loading) on the material behaviour. These variations have been shown to be 
significant from tests at many different sites on typical materials.
Commercial implementation a performance specification should, it is recommended, 
consider a pre-construction trial to assist both with material selection and device 
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correlation, and also with confidence in the attainment of the target values for 
compliance. 
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Table 1 Test Device Specification 
Figure 1: German Dynamic Plate Test Apparatus 
(Note: the falling weight is in the ‘down’ position) 
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Figure 2: Schematic of the TRL Foundation Tester (TFT) 
Figure 3: Schematic of the Humboldt Soil Stiffness Gauge. 
(Note:F and X denote the force and velocity transducer locations) 
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Figure 4: Effect of a Second Bearing Plate on Composite Stiffness  
Measurements for 550 mm Thick Granular Sub-Base 
(Note: ‘-plate’ = with Second bearing plate) 
Figure 5: Variability of Stiffness Along a 20 m Test Length  
(400 mm Capping over Clay in Cutting) 
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Figure 6: Relationship between Stiffness Modulus determined  
by the Portable Dynamic Plate Test Devices and the FWD  
(on Subgrade and 400 mm Thick Granular Capping) 
Figure 7: Relationship between the Humboldt Soil Stiffness Gauge and GDP (Note: 
from tests on granular Type 1 sub-base in highway reinstements) 
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Figure 8: Relationship between Stiffness and Applied Stress for the FWD, TFT, Prima 
100 and GDP on Sub-Base (S/B) and Subgrade (S/G) at a Controlled Trial Construction 
Site (400 mm Capping and 150 mm Sub-Base over a Clay Subgrade) 
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ABSTRACT 
The use of a portable lightweight deflectometer (LWD) for construction quality control 
or material investigation for earthworks and road construction is increasing around the 
world. This paper reviews the LWD as a field evaluation tool, discusses the test 
variables and data quality and concludes both on its usefulness and also its limitations 
for a variety of earthwork and road assessment scenarios. The paper aims to provide a 
state of the art reference document for LWD users, consultants, material specifiers, 
contractors and clients. It reviews data from road foundations (subgrades, granular 
capping and sub-base) and fully constructed in-service (thinly surfaced) roads, to 
demonstrate the flexibility of the LWD but also show that its determination of ‘stiffness 
modulus’ may differ from that of the conventional Falling Weight Deflectometer 
(FWD) to a varying extent.  
A series of laboratory investigations are presented that demonstrate the sensitivity to 
uniformity of plate/surface contact, and also limitations in the interpretation of peak 
displacement from the device. In conclusion, a good understanding of the device 
workings and careful specification of the test variables are required to both analyse the 
data correctly and permit comparison between data sets. The device is concluded to be a 
useful and versatile field quality control and pavement investigation tool, if an 
understanding of the device issues is considered by data users. 
Paper 3 
3
1. INTRODUCTION 
This paper reviews the use of portable falling weight deflectometers (PFWDS) and the 
behaviour of the Lightweight Deflectometer (LWD) in detail. In this paper the term 
PFWD means any portable device for measuring a stiffness of material insitu, and the 
term LWD refers to the specific type of PFWD commonly known in Europe as the 
Prima, manufactured by Carl Bro (previously manufactured by  Keros).  
The LWD is increasingly used for investigations of road construction materials and 
quality control. A background to the LWD development, a review of field data with a 
focus on correlation with the Falling Weight Deflectometer (FWD), and then specific 
laboratory investigations are presented. This paper is intended for reference by LWD 
users, consultants, material specifiers, contractors and clients.  
2. BACKGROUND TO THE USE OF LIGHTWEIGHT DEFLECTOMETERS 
Over the past 15 years the UK Highways Agency has sponsored extensive 
investigations into the development and use of a range of Portable Falling Weight 
Deflectometers (PFWDs). One of the key aims has been to establish a specification for 
such PFWD devices  to be used as a field compliance tool   within a performance based 
specification for pavement foundation construction, aimed to optimise the use of 
materials (1). However, previously the introduction of field testing had been restricted 
by the need for reliable insitu testing methods to measure suitable parameters whilst 
being robust enough to withstand the relatively harsh site environment. The Lightweight 
Deflectometer (LWD), has been used extensively by the authors in research into the 
evaluation of materials in the field, in the laboratory, on fully constructed in-service 
(thinly surfaced) roads and more recently on artificial sport surface constructions  
The FWD has been in use now for over 20 years, including a certain amount of usage 
on unbound pavement foundations. It is a tried and trusted tool and is seen by many as a 
standard against which other dynamic plate tests should be judged. By this measure, 
many authors have reported correlations between the FWD and PFWDs, (discussed 
later). In essence the LWD currently uses the same or very similar technology to FWD 
test equipment, with the primary compromise being the reduced load pulse duration and 
reduced maximum applied force (i.e. lower weights manually lifted) to maintain 
portability. 
The FWD may not be suited to the routine assessment of roads during construction, 
specifically where access may be restricted for the towing vehicle and trailer, or where 
the scale and frequency of testing may make it uneconomic. In addition, the cost and 
over-sophistication of the FWD render it less suited to testing the pavement subgrade 
and foundation layers, as these are typically subject to in-services stresses at the lower 
end of the FWD stress range, and assessment of the full deflection bowl is not required 
or reliable. In recent years there has been research into using the PFWDs on full 
pavement structures for routine assessment and this appears driven by cost. The number 
of PFWDs and experience with them in the US is considered limited, but is increasing. 
It is evident that the use of PFWDs is more trusted if they show good correlation to the 
FWD. Where they have been used as a quality control tool and this has been 
demonstrated through current FHRP projects such as ‘Intelligent Compaction’(2).  
4However, many questions have arisen about PFWDs, specifically if they are to be used 
as part of contract control. The focus of much of the work in the UK has been on 
demonstrating the usefulness and reliability of the LWD through field trials. Little work 
has been carried out on detailed assessment of the influence of the test device variables 
on the potential outcomes of the measurements. Such variability assessments have 
mainly been performed on natural materials and these are intrinsically difficult to use to 
study repeatability and accuracy.  
3. PFWD/ LWD REVIEW
The LWD has been available for several years, earlier somewhat similar PFWDs for 
measuring stiffness insitu included the TRL Foundation Tester (TFT) (3), the Natural 
Vibrations Method (NVM) (4), Leichtes Fallgerät from Zorn (known as the ‘German 
Dynamic Plate’ or GDP) (5), the Soil Stiffness Gauge (also known as the SSG) (5), the 
Loadman from Finland (4), the ODIN apparatus (4) the Clegg Hammer (4). All these 
devices have been described in more detail elsewhere, and can be  categorised by the 
load pulse rate and intensity of maximum load (or contact pressure) (4). To summarise, 
the ODIN (a research prototype) and Clegg (often used for compaction control) 
comprise rapid undamped impact tests, the SSG (not specified in the UK) and NVM (a 
research prototype) comprise small devices that measure the response to low energy 
impulses applied over a range of frequencies. The Loadman and GDP comprise damped 
impacts of a falling mass onto a bearing plate, (the novelty of the Loadman stemming 
from its enclosed tube apparatus), however both interpret the impact using an 
accelerometer rather than directly from a load cell, and in general the interpreted 
deflection is observed to be less reliable (5). The TFT was  a research prototype 
developed in 1992, and similar in all ways except it had a higher mass bearing plate 
than the LWD. It was used in research on live sites until 2000, whereupon the LWD 
became the adopted portable plate test in the UK although it was not formally specified 
in detail in UK guidance until recently (6). Whilst all the portable devices have their 
advantages and disadvantages the LWD has emerged as the most acceptable tool 
retaining some flexibility in test protocol, such as variable plate size, load magnitude, 
and data collection, with the added and important factor that it most closely resembles 
the loading rate and area of a (single) moving wheel (4), and functions similarly to the 
FWD.  
The LWD is shown schematically in Figure 1. The test variables include drop weight, 
drop height, load contact area, rate of loading and the number of geophones (up to two 
extra geophones can be connected to allow a limited deflection bowl to be measured). 
The stiffness modulus (E) from the LWD is calculated using equation 1. 
One particularly important aspect when considering the measurements made is the 
interpretation of the deflection under load. In general the device software integrates the 
geophone (velocity transducer) signal to determine the maximum (or peak) deflection 
value. This has two important ramifications, the first being that under test the peak 
deflection may not occur at the same instant as the peak load (Figure 2), and usually 
does not, specifically for lower stiffness materials. The second is that the maximum 
deflection may include an element of permanent/plastic deflection in addition to 
recoverable/elastic deflection. This depends upon the ‘strength’ of the materials under 
test, and the efficacy of the contact between the geophone foot and the material under 
test. Thus it is apparent that the term ‘elastic’ stiffness (E) should be applied very 
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carefully to all PFWDs, and the use of such ‘elastic’ values in elastic pavement analysis 
needs careful consideration.  
E = A. P. r. (1 - ν2)     (MPa)        (1) 
          d 
Where: 
E = stiffness modulus (MPa) 
A = plate rigidity factor, default = 2 for a flexible plate, π/2 for a rigid plate. 
P = maximum contact pressure (kPa) 
r = plate radius (m) 
v = Poisson’s ratio (usually in the range 0.3-0.45 depending on test material type) 
d = peak deflection (mm) 
6FIGURE 1. A Schematic of a Lightweight Deflectometer (LWD) Showing the Test 
Variables 
The impetus for developing smaller portable FWDs has largely been driven by the slow 
and cumbersome nature of conventional Static Plate Bearing Tests (SPBT) for insitu 
stiffness. However, there is much to be said for the SPBT method (7) which allows a 
range of stresses to be applied and the deflection measured both during the loading and 
the unloading phase, thus allowing a better determination of elastic/recoverable 
deflections. Cycles of load-unload can be applied to aid determination of the adequacy 
of compaction. 
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FIGURE 2. Example of LWD Output from a Laboratory Test on 400mm of a Well 
Graded Crushed Rock (Granodiorite). The Drop Height was Controlled to Achieve 
a Contact Stress of 100kPa (300mm Diameter Plate Size).  
4. LWD FIELD DATA 
Road Foundations 
There have been several publications showing correlations between the range of 
Portable FWDs and the full scale FWD. This section briefly reviews the findings from 
several publications, to illustrate the range of correlation coefficients determined, and 
also to identify any significant device related comments, such as the zone of applied 
stress from the device or material stress dependency observed.  
Fleming et al (8) looked in more detail at the GDP and TFT. The TFT gave a correlation 
range of 0.8 to 1.4 FWD (200 tests), from tests on a range of pavement foundations 
constructed of well-graded granular materials at live sites. The TFT and LWD were 
compared extensively at a bespoke field trial (based on a 500mm thick granular layer 
over silty clay) and gave a correlation TFT= 0.96 LWD and R2 of 0.92 (25 tests). The 
LWD was compared to the FWD at a site of 450mm granular capping over silty clay 
and found LWD = 0.97 FWD, and R2 of 0.6 (25 tests). It was concluded that such 
device correlations were likely therefore to be site, material  and device specific, and 
this has been confirmed in more recent work to develop the new UK Performance Based 
Specification, and highway foundation design guidance (6). For example, on a 260mm 
thickness of lime and cement treated clay subgrade, LWD = 1.21 FWD, R2 0.77 (25 
tests). At another site with a standard granular foundation (225mm well graded crushed 
rock over a granular subgrade) for several sections the range was LWD = 0.8 to 1.3 
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FWD, with an R2 of 0.5 or lower (169 tests). However, this latter site was quite wet and 
the stiffness values were generally low relative to other sites evaluated.  
Other research reported on comparisons between PFWDs (5), showed a strong stress 
dependency (of the reported stiffness for the LWD (and TFT) on a typical granular 
foundation materials, with changing device applied stress (i.e. by changing drop height). 
However little stress dependency was observed with the FWD, albeit testing at a higher 
stress range. The very lowest stress achievable with the lighter version of the FWD is 
around 100kPa, which is the normal applied stress for typical LWDs.  
Nazzal et al (9) carried out comparative testing of the FWD, LWD and SSG on live 
construction sites and in a accelerated load test facility. They showed a general 
relationship of FWD=0.97PFWD. In addition, from the controlled laboratory data it was 
concluded that LWD stressed to a depth of 270-280mm, or approximately one load 
plate diameter (this depth of stressing was significantly deeper than the depth assessed 
as stressed by the SSG). 
Peterson et al (2) reviewed the use of PFWD devices to provide site quality control for 
compaction. They found that the LWD stressed to between 0.1 and 0.3m deep, and this 
approximated to 3000cm3 of soil volume being stressed  the was similar to the volume 
assessed as stressed by Static Plate Tests and the SSG. They also concluded that the 
modulus appeared to be dependent on the stress applied (i.e. drop height), and that this 
was more of a factor for the LWD than for the FWD. 
In addition to the correlation between devices, it is of interest to observe the variability 
of stiffness with position along a section of notionally the same construction (i.e. 
materials, layer thickness and water content). In the UK data has been analysed in detail 
and a general pattern has emerged, which is useful for selecting the appropriate 
frequency of testing and also the setting of target values for quality assurance and 
quality control on site. In general, the variability in any one trial section can be usefully 
reported as the Coefficient of Variance (CoV), which is the ratio between the standard 
deviation and the mean for a test section. The reported range of CoV observed was 25-
60% for FWD and LWD on predominantly fine grained subgrades (5), perhaps due to 
variation in water content. For granular capping layers in the CoV range observed was 
10-40 % (higher when wet). For sub-base materials (highly specified well graded 
crushed rock) the CoV observed was typically less than 15% (higher on very wet sites).  
Thinly Surfaced Roads
The use of PFWDs on fully constructed roads is also attracting some interest. Steinert et 
al (10) looked at the potential use of LWD for monitoring and intervention/traffic load 
control associated with spring-thaw seasonal variations. They produced a comparison 
between the LWD and FWD on a variety of sites at differing times of the year. The 
relationship between the LWD and FWD was shown to vary with reducing asphalt 
thickness. In addition the goodness of fit between the data showed a better correlation 
(R2= 0.87) on thinner asphalt layers. The correlations were LWD=1.33FWD for the 
thin, and LWD = 0.75FWD for thicker asphalt (whereby the R2 reduced to 0.56). 
However, the authors reported that excluding very high measured stiffness results 
(>4000MPa, which equates to LWD deflection of less than 7 microns) generally 
improved the R2 to as high as 0.8. However, it is not clear from the work, whether the 
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comparative measurements were at the same contact stress, or to what extent this may 
influence the results. The LWD data reported gave stiffness modulus on the asphalt, for 
thickness 127 – 180mm of 645 – 503MPa for the period after thawing. They 
recommended a large drop mass and high drop height for testing asphalts, to ensure 
there was some influence from the sub-base in the measured deflection.  
In a study by the authors, the LWD was compared to the FWD (both using a 300mm 
diameter load bearing plate) on a thinly surfaced construction (similar to a car park 
design in the UK, but in this case applied to the foundation for a synthetic hockey pitch) 
(11). LWD testing was carried out on the sub-base and asphalt, and the FWD was 
utilised on the asphalt only. A total of fifty test positions were evaluated on a regular 
grid at 10m intervals, over a rectangular area of approximately 5000m2. The sub-base 
was specified to be 250mm thick and porous to allow drainage. The asphalt was 65mm 
of porous asphalt placed in two lifts. The evaluation showed the sub-base to be poorly 
compacted with an average stiffness modulus of 30MPa, with a range of 5-81MPa, and 
a CoV of  31% (50 tests). Similar low stiffness results were achieved with the other 
PFWDs used at this site (the GDP and TFT).  The FWD weights and drop height were 
reduced to achieve 100kPa peak contact stress to match the LWD, with the central 
geophone used to determine the overall pavement modulus . The FWD gave a stiffness 
modulus average of 61MPa, and the CoV was 14% (50 tests), which is assessed as very 
uniform in the light of the previously presented data. The LWD, on the asphalt, gave an 
average stiffness of 110MPa, with a CoV of 17% (50 tests), and was also deemed 
uniform. In addition, in this instance the GDP gave a much higher average stiffness 
modulus of 140MPa on the asphalt, this relationship had not been observed before, 
GDP=2.26FWD with an R2 of 0.63 (50 tests).  
These data on thin asphalt layers were seen to be particularly interesting as it appeared 
that the relationship between the LWD and FWD was particularly affected  by the 
relatively thin and stiff upper layer. It is considered that the primary reason for the LWD 
(and GDP) recording a much lower deflection (and hence higher modulus) is that the 
depth of significant stressing is smaller than for the larger FWD. This is considered to 
be due to the rate of loading, whereby the FWD applies the load over a longer period of 
up to 35 milliseconds, and the portable devices deliver the load pulse over a duration of 
approximately 15-20 milliseconds (on the asphalt this was in the range 16-
17milliseconds). In addition the FWD trailer weight does apply some preload to the 
material through the wheels, and the bearing plate assembly is also much heavier than 
for the LWD. 
The ratio of stiffness between the upper and lower layers here may have exacerbated 
these errors, as the sub-base was clearly of low stiffness, and the stiffness ratio (asphalt 
to sub-base) could have been as high as 10 (assuming 3GPa for the asphalt layer). In 
road foundations during construction the typical stiffness ratio of layers is usually 
assumed at up to 3 (6). In many cases, the ratio of subgrade stiffness to granular capping 
and sub-base stiffness is less if construction occurs in a period of good weather, as the 
(fine grained) subgrade is often able to sustain some suctions and as a consequence 
appear much stiffer when tested.  
The brief field data,  presented here, again show that there is not a unique relationship 
between the LWD and the FWD, which is perhaps not surprising when one considers 
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the different loading rate.  The material layer thickness and stiffness ratio may be the 
primary factor in determining the magnitude of the correlation between any devices. 
However, the important issues of test device repeatability and defining acceptable 
variability on a site need to be considered.  
For a series of tests on a uniform construction, expressing the data in the form of CoV is 
considered useful, and the smaller the CoV the better. It is also clear that the more 
uniform the placed material and its compacted state the lower the CoV. However, the 
question remains as to whether the variability in measured stiffness is wholly due to the 
materials under test and their state (such as water content, density, and thickness), or 
whether there is variability due to the device. One important, and obvious, aspect is the 
integrity of the seating of the bearing plate on the ground, especially for the lighter 
LWD (relative to the FWD). It is difficult on site to ensure very uniform contact of the 
plate, especially on coarser aggregates as further discussed below. 
5. LABORATORY EVALUATIONS 
Controlled laboratory research has considered the potential influence of the many test 
variables described above. To assess the repeatability and reliability of the devices. 
Over a series of smaller projects, the following variables have been investigated, 
including buffer temperature, plate diameter, drop height, drop weight, 
geophone/loading plate attachment (fixed/loose), use of extra geophones (backanalysis), 
and plate-surface contact. The buffer temperature effects and plate-surface contact 
effects are described in detail below.  
In addition, prior to use the devices need to be checked carefully, and a method has been 
developed to carry out  tests on a stiff repeatable substrate, such as the laboratory 
concrete floor to check the deflection and load pulse before any testing. Geophones 
have also been swapped between similar devices and compared such that any damage to 
a transducer can be quickly identified.  
Buffer Temperature 
The influence of temperature on the LWD buffers and hence loading characteristics was 
evaluated in the laboratory. The rubber buffers were evaluated at the three different 
temperatures, and measurements were made with the LWD on the rigid laboratory floor 
(calibration spot) with the mass dropped from the same height each time. Two buffers 
were used, and the data recorded for 10 repeat impacts. The stiffness of the floor is 
relatively high compared to the majority of field test sites, the floor giving a stiffness of 
2440MPa. However, regardless of buffer temperature the stiffness remained effectively 
constant, the only readily observable change was in the reported length of the load 
pulse, which was seen to increase with buffer temperature from 18 to 20 milliseconds 
(Table 1). This would be expected as the buffers soften slightly when heated.  
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TABLE 1.  Effect of LWD Buffer Temperature on Output Data From Tests on a  
Laboratory Concrete Floor
Temperature  Force(kN) Press(kPa) Pulse Time(ms) D1(um) E1(MPa) 
Mean 6.91 97.80 19.03 9.02 2442.21 
SD 0.20 2.79 0.08 0.34 68.27 
Ambient 
21 ± 2 0C 
COV 2.86 2.86 0.42 3.80 2.80 
Mean 6.84 96.75 20.20 9.31 2338.49 
SD 0.02 0.24 0.11 0.08 23.94 
Heated 
80 ± 10 0C 
COV 0.25 0.25 0.52 0.85 1.02 
Mean 6.70 94.80 18.15 8.70 2453.41 
SD 0.07 0.94 0.41 0.12 34.27 
Cooled 
-10 ± 10 0C 
COV 0.99 0.99 2.27 1.37 1.40 
Plate-Surface Contact 
Recent work (12) has evaluated the LWD for use in a material approval laboratory test 
for coarse granular materials using a large test mould. The work is not presented herein, 
however, as part of this work an investigation was made into the influence of the plate-
surface contact, and the effectiveness of the LWD software interpretation of peak 
displacement.  This was aimed to evaluate if a ‘bad’ drop could be recognised in the 
device force and deflection versus time signal (which is displayed on the device readout 
and can be saved for subsequent analysis in a spreadsheet).  
The upper surface of a well compacted 400mm layer of a coarse well graded crushed 
rock was disturbed by removing the material in one area to approximately a depth of 5-
10mm. The LWD was then positioned in several locations deliberately causing poor 
uniformity of plate contact. Subsequently, the uneven area was carefully filled with a 
single size sand (nominal size 1.15mm, as is recommended for improving contact for 
static plate testing (7)).  Two typical pressure-deflection traces from the last (of six) 
LWD impacts are shown in Figure 3 and clearly demonstrate the improvement in the 
regularity of the shape of the trace with improved contact. If the raw data are reviewed 
on the hand-held unit in real time, (whereby load and deflection are shown against 
time), the ‘poor’ contact is observed to be a small early peak in the deflection trace and 
is further discussed below. In addition, during the test there was observed to be some 
bounce and/or horizontal movement of the apparatus, and some vibration back through 
the device again suggesting poor uniformity of contact. However, the judgement of poor 
contact is subjective, and the on-site assessment of impact quality is difficult. In this 
case, for example, the reported stiffness was 75MPa for the ‘poor’ contact and 145MPa 
for the ‘good’ contact. On site such variability is not unknown, and many possibilities 
exist within an end-product specification whereby the acceptance or rejection of 
individual test data based on the user perception of impact quality could be 
contractually difficult. This example is clearly a rather extreme case, but shows that 
there is merit in examining in more detail the data signal generated at the time of test, 
and possibly the development of a routine within the software to identify poor quality 
impact  data. It is interesting to note that during the development and evaluation of the 
TFT (13) the site measurements were reportedly of poorer repeatability where the 
aggregate had become segregated at the surface, in particular where there was a lack of 
fines.    
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FIGURE 3. The Effect of Poor and Improved Plate-surface Contact on the Load-
Deflection Trace for a 300mm Diameter Plate Impact Test on a Well Graded 
Crushed Rock Aggregate.  
Another consideration is the interpretation of the maximum deflection, and the use of 
the deflection time trace to indicate poor quality impact or poor quality material. The 
same 400mm depth of granular material was excavated to a new level, removing around 
100mm of aggregate. A well graded (slightly gravely) sand, known as concrete river 
sand, was then applied in a 100mm layer and compacted in stages, with LWD tests 
carried out at each stage. Figure 4 shows the effect of the increasing compaction  on the 
sand layer, and the consequence on the deflection displayed by the LWD. Of particular 
interest is that the peak deflection recorded (and used in the stiffness calculation) and 
displayed on the hand held unit is the maximum deflection, regardless of its position (in 
time) relative to the peak load/contact stress (the stress pulse trace is shown with a peak 
at around 9 milliseconds). Thus the ‘peak’ deflection for each of the tests carried out on 
the ‘loose’, ‘2 passes’ and ‘4 passes’ is erroneously reported as the peak to the right of 
the (smaller) peak deflection that occurs at a similar instant to the maximum impact 
stress. In these cases the stiffness reported is a falsely low value. These traces 
additionally show that the deflection, post impact indicate some substantial permanent 
deformation was occurring, and this was observed after the removal of the device (see 
Figure 5). This is considered particularly significant as it confirms that the peak 
deflection can potentially contain both significant plastic and elastic components. The 
peak deflection represents the total deflection under loading and not that which is 
recoverable, and it is this total that is included in the stiffness calculation in equation 1. 
After 6 passes the deflection trace is more uniform however the effect of providing an 
improved more level surface is clearly shown by the ‘6 passes plus improved contact’ 
trace. It is also important to note that the peak displacements that occur soon after the 
peak contact stress are very similar in magnitude for the two well compacted states. 
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Thus the benefits of observing the raw data is clearly evident in the case of this well 
graded sand. 
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FIGURE 4. LWD Deflection Traces for a Sand Layer with Increasing Compactive 
Effort.  
Geophone-surface Contact 
Figure 5 shows the sand surface after removal of the LWD. Two important observations 
can be made, firstly that there is significant permanent deformation under the 300mm 
bearing plate (this from six consecutive impacts). The second is that the geophone 
contact area (in the centre) is very disturbed. The geophone foot is narrow, and  has a 
relatively stiff spring inside the housing to maintain contact between the geophone and 
test surface which has caused the disturbance. This disturbance is not uncommon, in the 
authors’ experience, on softer subgrades and some granular materials. It is not clear, 
however, how much of  this observed permanent deformation is recorded during an 
impact. It may be sensible to use a larger diameter geophone ‘foot’ for weaker 
materials. This was considered during the development of the TFT, whereby a 25mm 
diameter foot was found to be appropriate (early versions of the LWD also had a larger 
foot). Edge contact effects on large particles were also thought to occur with a larger 
foot also, however, and this is an area worthy of further work. 
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FIGURE 5. The Effect of Repeated LWD Impacts on the Sand Layer, Showing 
Permanent Deformation Under the Plate and Disturbance Under the Geophone 
Foot.  
6. DISCUSSION 
The field and the laboratory data available raise several points regarding the data 
integrity of the LWD. It is clear that the LWD is a versatile tool used to aid engineering 
decisions related to structural integrity  of a wide range of road construction materials. 
However, it is also clear that to provide high quality data a good understanding of its 
workings and potential limitations is required.  
The site data clearly shows that, in general, a correlation of the LWD to the (accepted) 
FWD is achievable. The differences in self weight, and in particular rate of loading, 
may account for the site specific correlations that arise. However, there is always likely 
to be an issue of variability of site data, and to use the device as a quality control tool 
measuring absolutes this variability needs to be reduced or allowed for in any analysis – 
perhaps through initial correlation with the FWD at that site or an acceptable CoV 
range.  
One way to improve the data quality may be to ensure the test is carried out as carefully 
as possible at each location, especially seating, and to interrogate the signal traces to 
look at the quality and repeatability of the recorded data. The site procedures may need 
to include the use of a thin sand layer applied to provide a level surface to distribute the 
impact pressure more uniformly. The selection of appropriate test positions is of course 
sensible (but can be contentious on sites). Perhaps three repeat tests at immediately 
adjacent positions to represent one location, and its average stiffness reported, may be 
suitable. The integrity of the signal traces is perhaps still at the judgement stage, but the 
data presented have shown that  the deflection-time history may be useful in indicating 
poor contact, and that any deflection that occurs well after the peak load should be 
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ignored in any determination of a stiffness value. Second peaks of deflection could be 
an indicator of significant compaction occurring during testing. The interpretation of the 
deflection as indicating ‘elastic’ behaviour is clearly erroneous on many granular or 
cohesive materials, and thus the use of the LWD derived stiffness modulus in layered 
elastic analysis should be tempered by experience and a careful review of appropriate 
values from fieldwork.  
The current advice (6) in the UK defines the acceptable PFWD equipment for use as a 
quality control method as, “capable of delivering a load pulse of peak magnitude in the 
range 4-15kN of total duration 15-60milliseconds to a rigid circular plate of 300mm 
diameter. Both the applied load and transient deflection shall be measured directly on 
the tested surface. The deflection transducer shall be capable of measuring deflections 
of up to 2000 microns. A contact stress of 100kPa is recommended, with three seating 
drops and then three recording drops which are averaged and the stiffness modulus 
reported”.  
In addition, it is proposed that a demonstration/trial area is used to validate the design, 
materials and methods for any performance approach (6). For Permanent works, insitu 
stiffness tests are stipulated at 20m intervals in each lane/carriageway (staggered by 
10m). A minimum insitu stiffness value is set by the designer prior to the works as one 
target. In addition, a running average stiffness of six test results must be above a second 
target value, also set by the designer. The targets are set based upon accepted (tabulated) 
values, or laboratory derived stiffness data, and then proved in trials (problems found in 
the trial permit redesign and material selection changes). However, the document also 
states that the LWD may not be suited to thicker foundations, and in these cases the 
FWD is recommended.  
There is, however, no clear description of the on-site test protocol for using the device 
or for analysis of the data, other than the number of drops (six in total). Thus there is 
still the possibility that poor quality impact test results may be included in the 
interpretation and decision making, and no advice is given as to how or when to discard 
any results.  
The best form of testing protocol for any site may be variable, and tailored to suit the 
materials under test. For example, it would appear that the recommended six drops for 
each location is adhered to, though whether the first three drops are ignored and the next 
three averaged, or some other combination (10) is more suited is unknown. The decision 
as to the drop mass and drop height, and also the number of tests per zone of site area 
can also be varied and may depend on the complexity of the site and the contractual 
need to monitor materials and workmanship. In addition, many researchers have 
reported that the stiffness measured was a function of the applied contact stress and 
hence the drop height needs to be maintained and/or the stress dependent nature allowed 
for in the data interpretation, especially where data are compared between different 
PFWDs. It may also be prudent to consider the use of alternative geophone foot shapes 
on weaker materials to avoid the disturbance observed. 
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7. CONCLUSIONS 
The LWD is a versatile and portable stiffness measuring tool. From the published 
literature it appears to be increasingly used on a variety of materials/constructions 
including during construction and in-service (on thinly surfaced roads) around the 
world.  
The correlation of the LWD to FWD stiffness (using the central geophone only) appears 
to be variable, and perhaps site dependent. The reasons for this are not clear,  but  may 
be due to the different rate of loading and the self weight of the bearing plate for the two 
devices.  
The LWD is being used as a FWD substitute, and is specified in recently published UK 
(draft) road design guidance. 
Several factors affecting LWD data quality have been investigated. Buffer temperature 
is not considered a significant issue. There is some influence due to non-uniformity of 
plate contact, and this was observed to be improved by the application of a thin layer of 
uniform sized sand.  
For weaker materials the contact between the geophone foot and material surface was 
seen to raise concerns over punching failure under the foot, (thought to be a function of 
the strong spring holding the geophone down in addition to the small foot diameter). 
This spring stiffness could be reduced, or a larger foot could be used to alleviate this 
problem.  
The geophone peak displacement that is interpreted from the signal, and displayed on 
the readout, is the actual maximum displacement during the recorded period of 
measurement. This can lead to errors if the post impact ‘peak’ value is larger than the 
peak that occurs around the time of the peak load. The test quality may be evaluated, in 
part, by assessment of the deflection time trace.  
The effect of increasing compaction of a layer of sand showed clearly some interesting 
behaviour of the deflection-time trace. In its loose and partly compacted state the 
deflection trace appeared to show significant permanent deflection. When fully 
compacted or with a carefully prepared contact surface the trace was considered more 
akin to that expected whereby the deflection returns almost to zero.   
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ABSTRACT 
A new UK ‘performance based specification’ for road foundations potentially allows 
any material that is ‘fit for purpose’ and encourages the wider use of marginal and 
recycled/secondary materials. The specification provides guidance with respect to a 
target stiffness, density achieved and maximum allowable rutting depth under 
construction traffic (to avoid damage to the subgrade during construction). Full-scale 
field trial sections are currently used and proposed for large schemes to assure as the 
suitability of proposed foundation materials. However, it is prudent to develop a routine, 
economical and laboratory-scale means to assess the performance and suitability of the 
foundation materials before any full-scale trials are undertaken. 
This paper presents the findings of recent research work at Loughborough University 
with regard to the development of a large-scale laboratory assessment test aimed 
specifically  for granular materials. A series of test results on four granular materials are 
presented in detail, with an emphasis on their stiffness behavior, with some field data 
for comparison and preliminary validation of the laboratory method. The effects of a 
soft and rigid base condition, and wetting and drying of the material is shown to have a 
significant effect on the measured values of both stiffness and strength for the samples 
tested. However, there appears a reasonable relationship between the laboratory results 
for the soft base condition and the field data. Several recommendations for further work 
are made and practical observations and comments for the construction and 
measurement of these materials on site within a performance specification framework. 
Paper 4 
3
1. INTRODUCTION 
In the UK a performance based specification for road foundations is being developed 
(1). It requires the road foundation to achieve a series of target performance related 
parameters during construction. These include a target stiffness, (measured by a 
dynamic plate test) and a minimum density, with measurements made both on the 
formation layers and foundation surface. Additionally, a limit for permanent 
deformation is included, to limit the surface rutting caused by construction traffic, so as 
to protect the subgrade from possible damage during construction of the overlying 
layers. It is intended that by defining quantifiable and measurable design/material 
performance parameters, more flexibility in both choice of construction method and 
material is afforded to the constructor. However if a wider range of new or recycled 
materials are to be allowed, a constructor will need some assurance of likely material 
performance before construction. The use of performance related parameters for 
specifying the adequacy of the as built construction requires a good knowledge of these 
parameters with regard to expected material behavior and the influences on their 
measurement.  
This paper describes the development of a large-scale laboratory test at Loughborough 
University (funded by the UK Highways Agency) to assess coarse granular materials 
prior to their use on site to provide some assurance of their expected performance. Data 
from the field and laboratory are utilized to help develop and validate the laboratory 
methodology. The background and the need for such a laboratory test is discussed. The 
large-scale test and sample preparation and testing methodologies developed are then 
described. A recent programme of work assessing four materials, a recycled crushed 
concrete, a natural site-won mudstone, a site-won sandy gravel, and a quarried 
granodiorite aggregate has provided data that is presented and discussed. The outcome 
of the development of the laboratory test is discussed and compared to other similar 
tests, with its relative merits, limitations and recommendations for future work.
2. BACKGROUND 
Granular Material Behavior 
Unbound granular materials show a relatively complex elastoplastic behavior when 
subjected to repeated cycles of loading such as generated by moving traffic (2). The 
effect of a single cycle of load is to cause both elastic and permanent strain. The 
magnitude of elastic strain depends upon the elastic stiffness and the amount of 
permanent strain depends on the proximity of the applied stress to the failure stress, and 
accumulates under repeated cycles.  
A material’s elastic stiffness determines its load spreading capability, which reduces the 
magnitude of surface applied stress that is transferred to the layers below. Several 
physical material properties that affect the resilient response of granular materials 
include; applied stress level, material type, particle size, grading, water content, surface 
characteristics (angularity and roughness) and the compacted density (3). A principal 
influencing factor is the stress level, the K-theta model appears widely accepted for 
analysis of nonlinearity of material elastic modulus, and is regarded as an adequate 
simplification for analytical design purposes (2). The extent to which the modulus 
varies with stress is determined by the coefficient k2 of the K-theta model (4) which 
states;  
4Mr = k1 2kθ            (1) 
Where;- Mr   = Resilient Modulus (MPa) 
θ   = bulk stress (MPa) 
k1 and k2  = material constants  
The parameters are usually derived from triaxial tests, however, Tong and Baus (5) 
found through sensitivity analysis that it was not reliable to backcalculate both k1 and k2
values simultaneously. Degree of saturation, compaction effort, and soil gradation had 
significant effect on k1 values whereas these factors had minor or no impact on k2
values. This non-linear stress-strain behavior has significant implications for assessment 
testing and for the selection of the appropriate value of elastic modulus for any design 
process.  
Permanent deformation in granular materials is caused by shear within the material 
itself, either due to insufficient inherent strength or due to a weak underlying layer. 
Factors affecting permanent deformation include the stress level, number of cycles, 
particle shape, grading, angularity and roughness, and the load (stress) history (6). The 
prediction of permanent deformation behavior is difficult for design, and in general 
measurements of strength have proven useful indicators of the propensity for 
rutting/permanent deformation in a material.  
Laboratory Assessment Techniques 
A number of laboratory tests already exist that can be used to assess the performance 
properties of granular materials. These element tests include the Triaxial Test, the K 
Mould (7) and the recently developed Springbox (8). However, in these tests the 
maximum particle size of suitable samples is generally restricted to 20mm, (or in the 
case of the Springbox, 40mm) to limit the sample boundary effect. For larger particle 
sizes the test samples therefore need to be larger and tests become cumbersome and 
more difficult. In the UK capping materials have a particle size limit of 125mm, and a 
maximum allowable test particle size of 40mm potentially excludes 25% of the sample 
(by mass) of a Class 6F1 (Fine) capping and as much as 55% of a Class 6F2 (coarse) 
capping (9) (Figure 1). 
In addition, the methodology of elastic modulus measurement in these smaller tests 
makes direct comparison of the results to field measurements (using the portable plate 
test devices) difficult due to compatibility of boundary and stress conditions. These 
element test methods are thus considered unsuitable to routinely assess the behavior of 
the very coarse granular (capping) materials. 
To assess very coarse aggregates it is considered necessary to use large test moulds 
which can contain a representative material sample and reduce any boundary influences.  
It has been suggested that a minimum ratio of sample to particle size of ten is 
appropriate (2). A very large rigid mould was used by Tingle and Jersey (10) to evaluate 
cyclic plate load testing of unbound aggregate roads. A 1.83m2 by 1.37m deep 
reinforced steel ‘containment vessel’ was used into which was a compacted 0.8m thick 
clay subgrade. A 0.36m thick crushed limestone base course sample was then 
compacted on top using a pneumatic compactor. Tong and Baus (5) performed full-
scale cyclic and static plate loading tests in a large 4m2 by 3m deep laboratory test pit to 
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investigate the mechanical properties of unbound granular materials. However, the very 
large volume of samples and the use of clay substrates restrict the practicality of this 
approach as a routine and economical laboratory assessment test. 
In-situ Assessment Techniques 
A direct and accurate method of measuring road foundation materials’ performance is 
by full-scale foundation trial(s), including insitu measurements and controlled 
trafficking. This may be appropriate for larger construction schemes for full design 
validation and material assessment, however a laboratory test is desirable for 
preliminary material selection and assessment of behavior (under controlled conditions) 
and provides much greater economy relative to fieldwork.  
Many stiffness measuring devices are in existence, such as the static plate bearing test 
and more contemporary portable dynamic plate tests. The portable devices are 
considered more appropriate for commercial use as they are quicker and recreate the 
transient nature of a wheel load. The portable devices typically measure a single 
deflection (indirectly via a velocity transducer) at the centre of the bearing plate (or the 
ground through a hole in the plate) under a transient load pulse. The derived 
measurement is termed a ‘composite’ stiffness (Ecomp, see Equation 2), as the measured 
deflection may relate to the influence of more than one layer (11). In addition, the term 
‘stiffness’ (and not elastic modulus) is used as the test measures the maximum 
deflection under load, and they may not be truly elastic. Based on elastic half space 
theory the stiffness measured is calculated from the following equation (12).
Ecomp = 
d
)ν(1r  PA 2−⋅⋅
 (MPa)       (2) 
Where:- A  = plate rigidity factor ( π/2 assuming a rigid plate)   
P  = applied stress (kPa) 
  r  = plate radius (m)       
ν  = Poisson’s ratio   
d  = deflection (mm) 
The portable devices (with a 10kg falling mass) typically apply a stress of up to 150kPa 
over a period of approximately 20 milliseconds, via a 300mm diameter bearing plate. 
The depth of significant additional stress is expected to be approximately 1.5 to 2 times 
the bearing plate diameter (i.e. 450mm maximum for a 300 plate). Thus in many 
construction cases the composite stiffness measured will be a combination of the 
stiffness response of more than one material layer. A full review of such devices is 
presented by Fleming et al. (13).  
The in-situ strength of foundation materials can be routinely assessed using the 
Dynamic Cone Penetrometer (DCP), though difficulties can occur in strong and very 
coarse materials due to the low (manual) impact energy and small cone size. However, 
the DCP is considered to be a useful and simple-to-use portable tool for assessing 
between materials and for changes in any one material’s strength. Another useful simple 
and portable indicator of strength is the Impact Hammer, and has been used to assess 
and control the compaction of granular soils in the field (14). It measures the maximum 
6deceleration of a 50mm diameter 4.5kg mass cylindrical hammer, falling through 
450mm to impact the surface of the material under test. The Impact Value (IV) reflects 
change in the near-surface strength of the compacted material and has traditionally been 
used in lieu of a direct density measuring device, to compare between the compacted 
state of materials prepared in the laboratory and field.  
Field Trials
During the research and development of the draft performance specification (1) several 
site trials were conducted, comprising in-situ field measurements to assess the proposed 
test methods and for design validation. A brief summary of some of the data, for 
materials similar to those tested in the laboratory this research described below. Data 
from field assessment of stiffness, strength (DCP), and compacted density are presented 
in Table 1. The field data are from both live construction sites and specially constructed 
trials.   
In many cases the subgrade tested, compared a range of materials including clays 
through to weak rock, the in-situ stiffness could vary significantly especially for the 
clay materials particularly if warm and dry, or wet weather was encountered. In some 
cases the composite stiffness measured on the subgrade was often higher than that on 
the capping layer placed and compacted above. 
Trafficking trials were also carried out at most sites to assess the resistance to 
permanent deformation of the constructed foundation. These trials demonstrated the 
importance of the interaction of layers in the development of a rut, especially for 
unbound capping layers compacted onto a clay subgrade, whereby if the clay was 
overstressed and deformed, dilation of the overlying granular material was possible and 
deterioration rapidly occurred. In one trial (15), several material bays were constructed 
above a clay subgrade and in addition a concrete slab that had been cast in a section of 
the clay to form a stiff foundation. A 20mm thick rubber sheet was installed above the 
concrete and the capping placed on top. The stiffness data in Table 1 (Site 1) show that 
the foundation composite stiffness (thickness of 280mm) was greatly improved above 
the artificial substrate. However the corresponding density measurements did not show 
a significant difference. Improved DCP measurements, however, were shown to reflect 
the much greater resistance to permanent deformation that was observed above the 
artificial substrate (3 mm rut after 1000 passes compared to 153 mm rut after 100 passes 
on the clay). However, the subgrade was very soft at this site, and the granular sub-base 
layer was under designed to ensure deformation occurred. This demonstrates the value 
of field trials, in comparison to laboratory element tests to determine ruttability. 
However, the strength measurement correlation with the rutting gave confidence in this 
test to indicate deformation behavior.  
Thus, the previous research has shown that the composite stiffness and rutting behavior 
was a complex function of both the material intrinsic properties and the interaction of 
the layers (particularly to the depth of the zone of influence of the wheel/dynamic plate 
test). The thickness of the unbound layers above the subgrade, and its intrinsic stiffness 
are clearly two important factors in the distribution of stress and hence strains in this 
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system. Thus the progression of changes of composite stiffness and strength with the 
construction of the capping layers was a key area of interest for the present study.  
The field data collected demonstrated a large range of composite stiffness for the 
granular capping materials, and sub-base layers, reported in detail elsewhere (11). The 
range that was measured was 40-142MPa with a large scatter (10-35% Coefficient of 
Variance), although a minimum value was determined. This minimum value appears in 
the draft performance specification (1) and was set to demonstrate both good material 
integrity and to produce a suitably stiff platform upon which to compact the next layer.  
The current research is aimed at investigating capping materials and whether their likely 
field behavior can be adequately predicted based upon a laboratory test, for 
acceptability and to determine a design value. The variation of the natural subgrade 
during construction was a difficult complexity and thus an approach was taken whereby 
it was considered that two substrate conditions, (both artificial) were deemed acceptable 
within the laboratory test. 
Test Philosophy 
From the above it can be seen that any test developed must aim to provide comparable 
performance measurements between the laboratory and the field, and be able to assess 
the performance parameters of stiffness and strength. A large test mould is deemed 
necessary to enable a representative sample of material with particle size up to 125mm, 
to be evaluated. The test mould should be rigid enough for the sample to be adequately 
compacted in layers to match field compaction. However, it must have appropriate 
boundary conditions to provide similar resilient support to that expected in the field. 
The compactive effort used to compact samples should be similar to that produced on 
site. Additionally an ability to simulate field water contents and drainage conditions is 
desirable. Finally the test developed has to ideally be practical, relatively simple, routine 
and must be able to be implemented effectively commercially.  Therefore, a large 
resilient test mould into which materials can be compacted is proposed. Measurements 
of stiffness and strength should be made with the same devices that are suggested for 
performance evaluation in the field. This should provide an appropriate and 
representative test that meets most of the requirements detailed above. 
3. METHODOLOGY 
Test mould 
A large rigid steel mould of internal dimensions 1m x 1m x 0.5m deep was constructed, 
(Figures 2a and 2b). It comprised controlled drainage points evenly spread about its 
base, to allow wetting and drying of the sample and to facilitate drainage. 
A synthetic substrate layer was used within the mould to create a reduced base stiffness 
condition. The stiffness measured directly on this layer aimed to be similar to the 
stiffness of a typical UK subgrade. A synthetic rubber sheet, as used in previous site 
trials (15), of 0.95m x 0.95m by 20mm thick was placed in the base of the mould. A 
thin drainage layer using a 5mm thick rigid plastic geo-drain fitted with geotextile filter 
on both sides was installed between the base of the mould and the synthetic substrate to 
facilitate drainage of the sample. The synthetic rubber had a surface hardness of 
between 40-50 IRHD0 and a density of 1.1Mg/m3. The rubber’s composite stiffness 
(within the mould) was approximately 40MPa measured by a dynamic plate test. The 
8stiff base condition was provided by removing the rubber and using the mould base 
alone, and the composite stiffness was approximately 200MPa. 
Materials Tested 
Four samples were tested in the laboratory. They were selected to represent marginal, 
recycled and standard unbound granular materials used within a pavement foundation. 
A granodiorite was used to provide a performance benchmark from a good quality 
crushed rock. 
The materials were, a recycled crushed concrete (classified as a 6F1 capping (9), 
(Figure 1) with an optimum water content (owc) of 12% and maximum dry density of 
1.95 Mg/m3), a locally won mudstone (classified as a 6F2 (9), owc 8% and maximum 
dry density of 1.95 Mg/m3). The third material tested was a sandy gravel, (owc of 7% 
and maximum dry density of 2.18 Mg/m3) The sample predominantly fell within the 
6F2 capping classification. The benchmark crushed rock material utilized was a 
granodiorite. The material was sourced as a Type 1 subbase (9) (with owc of 4.5% and 
maximum dry density of 2.2 Mg/m3). 
Laboratory Sample Preparation 
The optimum water content for material tested was derived from a standard laboratory 
compaction tests (16). A large capacity mixer was used to facilitate wetting or drying of 
samples to optimum water content prior to compaction. The material was installed in 
the mould in four layers of 100mm thickness. Compaction was performed using a 56kg 
electric vibrating rammer, with four passes for each layer, in accordance with the 
standard UK compaction specification (9). Compaction of materials in the mould (based 
on the overall volume of the material compacted), gave values of density similar to 
those obtained in the standard compaction test. 
Stiffness and Strength Measurement 
The order in which measurements were made with the various devices was important to 
minimize sample disturbance, therefore stiffness measurements were made before 
intrusive strength readings. The composite stiffness (Ecomp) was measured using the 
dynamic plate test, at five positions around the surface of each layer as the layers were 
built up. One test was located at the centre of the mould, the other four test locations 
were placed at the corners of the mould with the centre of the bearing plate 
approximately 250mm from the side walls (Figure 2b, positions 1 to 4). After 
completion of compaction of each layer, Ecomp was measured at all five locations. 
Repeat Ecomp test were made 24hours later. The Impact Hammer test was performed 
with three tests at each of the five test locations. The DCP test was then performed no 
closer than 250mm to the mould sides. This test process was repeated for each layer 
after installation 
The dynamic plate test was performed using a 300mm diameter plate with the geophone 
contacting the material surface. The device was positioned ensuring good surface 
contact and three pre-compaction drops at 100kPa stress were applied to seat the plate 
firmly. Four further drops were then applied, one at 40kPa, one at 70kPa and two at 
100kPa contact stress. The average stiffness from the latter two drops was used to 
express the test result for composite stiffness. 
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The DCP test was performed to BS 5930 (17). The top and bottom 50mm of penetration 
were ignored due to low confinement at the surface and base. The Impact Hammer test 
was performed and interpreted using the manufacturers standard (18). 
Laboratory Tests Performed 
The four materials were evaluated (Table 2) and the suitability of the test mould 
assessed as follows. Initially different base boundary conditions were assessed, a test 
was performed where the sample was compacted directly onto the steel base of the 
mould. In the second test the synthetic rubber substrate and drainage layer were placed 
in the box to provide a lower substrate stiffness (Ecomp = 40MPa). The moisture 
susceptibility of the capping was assessed by wetting it to saturation from the surface 
(only) of the sample and later allowing drainage through the base, (as might be expected 
during poor weather on site). The water added to achieve saturation was based on an 
estimation of air void content from compaction test data. The composite stiffness and 
strength were re-measured upon saturation and then again after a controlled period of 
drainage, repeat cycles of wetting and drainage were also performed. 
Field Data Collection 
Selected data from the field measurements at live sites and trials are shown in Table 1, 
for comparison to the laboratory data and findings for similar material types, grading, 
thickness and density. There is always the problem of lack of control during field trials 
on live sites, and the exact time since compaction, amount of construction traffic and 
water content at the test locations was generally unknown. The same test methods and 
analysis were used in the field to allow direct comparison to the laboratory data.
4. RESULTS 
Field and Laboratory Comparison 
Field Data 
In general the field data showed the magnitude of stiffness did not necessarily increase 
upon installation of the capping layer above that of the subgrade, however the range of 
stiffness measured did decrease (e.g. 12-57MPa down to 25-48MPa, Site 5). DCP 
evaluated CBR showed a tendency to increase with increasing material thickness 
perhaps resulting from greater material confinement (Table 1).  
Material type i.e. mineralogy and grading also appeared to have a significant effect of 
the strength and stiffness measured on site. The good quality crushed rock similar to 
that used in the Type 1 laboratory sample was less variable in the field compared to the 
other samples. 
Laboratory Data 
The composite stiffness increased as the layer thickness increased for the soft substrate 
condition (Table 2). The strength also increased due to an increase in confinement 
resulting from the increased thickness.  
The range of strength and stiffness values recorded in the laboratory appeared to vary 
between the different material types and grading, most significantly once the sample 
thickness increased above 300-400mm. 
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It was observed that allowing a rest period between installation and performance 
assessment had an effect on the composite stiffness measured. The composite stiffness 
increased with time for the sandy gravel and granodiorite materials. A rest period of 
approximately 24 hours was thereafter adopted between an initial test and a repeat test. 
Field to laboratory 
From the field data presented in Table 1 the subgrade composite stiffness ranged from 
between 12-57MPa on a soft/firm clay up to 37-65MPa on a mudstone. In the laboratory 
the composite stiffness measured on the synthetic substrate was approximately 40MPa. 
For the stiff substrate condition the composite stiffness was measured to be 200MPa. 
The granodiorite sample achieved a relative dry density of between 120-130% in the 
laboratory compared to the field (possibly due to slightly different grading between 
materials and compactive effort). The mudstone sample achieved a relative dry density 
of between 83-98% in the laboratory compared to the field. The crushed concrete 
achieved a relative dry density of between 86-98% in the laboratory compared to the 
field. No in-situ field data was available for the sandy gravel. 
The laboratory assessed stiffness results were slightly lower compared to the site data 
for the same layer thickness (Site 5-7). The strength data appeared to be of similar 
magnitude between the field and laboratory, comparing the same layer thickness. 
Laboratory Boundary Effect 
The base stiffness affected the composite stiffness and the strength measured on the 
sandy gravel sample. On the stiff base (200MPa) the composite stiffness decreased as 
layer thickness increased (Figure 3a). On the soft base (40MPa) composite stiffness 
increased as layer thickness increased (Figure 3b). On the final layer the strength was 
10% (CBR) lower on the soft substrate condition, compared with the stiff base 
condition 
Composite stiffness data of the test samples consistently shows lower stiffness 
measured at centre position in the mould (Figure 3a and b). This is considered to be due 
to the material stiffness, as the substrate stiffness is uniform across the mould. Clearly 
the rigid walls were having some effect for the outer stiffness measurement. No similar 
position effect was observed in the strength data, however, this test affects a smaller 
radial zone of material. 
Stress Sensitivity 
The stress sensitivity of the granular materials tests was investigated from plate contact 
stresses ranging from 40kPa up to 100kPa. A power equation was then fitted to the 
curves of stress verses stiffness, (as per the k-theta model Equ. 1), and produced a k2
constant at each test position. The bulk stress value (theta) was replaced by the plate 
contact stress applied. 
The k2 values calculated for the sandy gravel (soft substrate) ranged from -0.01 up to 
0.44. The k2 values calculated for the granodiorite (soft substrate) ranged from 0.41 up 
to 0.86.  
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Wetting and Drying 
Upon wetting the sandy gravel (four layer) sample composite stiffness reduced (Figure 
4). The wetted strength measured with the DCP was not significantly affected, other 
than at the surface. When the material was drained the composite stiffness increased 
almost three fold. The strength also increased from 50% to 300% CBR. The same trend 
was observed on the second cycle of wetting and drying. 
5. DISCUSION 
Field and Laboratory Comparison 
The composite stiffness measured in the laboratory test using a soft substrate condition 
was within the range of values found in the field.  For the same layer thickness the 
composite stiffness measured in the laboratory was similar to that from the field. 
It was clear that there was some effect of allowing the sample to ‘rest’ before 
assessment testing took place, with the sandy gravel being most sensitive – (this 
observation was reinforced by parallel test work in the Springbox reported in 8. The 
stiffness of these materials reportedly increased by up to 2 times, 24 hours after 
compaction).  
Although in-situ suction measurements were not made, an equalization of pore water 
pressure in the material is believed to cause this stiffness effect. This clearly has 
implications in the timing of assessment testing in the field following compaction.  
Laboratory Boundary Effect 
For the very stiff substrate (Figure 3b) the relatively high stiffness of the base ‘masked’ 
the stiffness of the capping in the composite measurement (the stiffness ratio of the two 
materials is very high). With the synthetic subgrade the ratio of top of capping to 
subgrade (Ecomp) was approximately 3:1 (i.e. 120MPa versus 40MPa) which accords 
with the increase in stiffness with capping proposed in reference 19. Elastic theory 
states that once the sample thickness reaches approximately 1.5 times the test plate 
diameter (10% of applied stress), i.e. 400mm, the base stiffness effect should reduce. 
The stiffness ratio between the capping and rubber is much less than the stiffness ratio 
between the capping and steel base and it is therefore considered that the rubber base 
lining is more representative of field conditions. However, it has to be accepted that the 
elastic synthetic substrate may have affected the capping layer response during 
compaction. It is more difficult to ascertain these effects, as the compacted material 
densities achieved were very similar between the two substrate conditions used. It is 
considered that more confinement could be afforded to a layer after compaction on the 
elastic base condition as more particle reorientation during compaction may occur. 
Based on these results the soft base condition was chosen because it better reproduced 
field conditions. 
The significant change in properties at the boundary between the sample material and 
the side wall of the mould affected the composite stiffness measured. The side wall 
reduces the amount of vertical deflection by offering frictional resistance in the vertical 
direction and it is thought less horizontal deflection occurs. The bulb of stress 
theoretically extends approximately 0.9 times the plate diameter horizontally from the 
centre-line of the plate, thus this extends 270mm with a 300mm plate. The side wall will 
therefore influence the test if it is performed closer than this to the side. The tests should 
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thus be performed at the centre position or no closer than 0.9 times the plate diameter, 
to the sides. 
Laboratory Stress Sensitivity 
The range of k2 values calculated for the sandy gravel and granodiorite generally agree 
with the range quoted by Boyce (4) of between 0.4 to 0.8 for granular materials. The 
sandy gravel and granodiorite samples are both stress sensitive, therefore the magnitude 
of stress applied during testing is important. Stress dependency is important in 
foundation thickness design calculations.  
Wetting and Drying 
The sandy gravel material was clearly moisture susceptible (Figure 4). The water 
content profile for the layers of the ‘as installed’ material and after the second cycle of 
draining (whereby the material could be excavated and the water content assessed) is 
presented in Figure 5. Figure 5 clearly shows that during the draining phase the sample 
dries preferentially from the top, and hence that the greatest suctions occur here. In the 
laboratory the samples were open to surface drying effect as well as draining.
Figures 4 and 5 combined demonstrate the high sensitivity of the sandy gravel to 
wetting and drying. This is an important issue for the field, for both measuring and 
achieving the performance targets. The performance measured on site should perhaps 
only be considered a ‘snapshot’ relating to the stress state in the material at the time of 
testing and should be assessed just before construction of the next layer to ensure 
compliance.
6. CONCLUSIONS 
- It is considered difficult to assess the expected field behavior of aggregates with large 
particles in conventional tests in the laboratory, and there is a need for a large-scale 
routine test method which can accommodate such large particle sizes. 
- The large-scale test developed can utilize the same equipment as is proposed for use in 
the field for direct comparison of composite stiffness and (indirect) strength behavior.  
- The ‘soft’ base boundary condition was effective for compaction of the granular 
materials and was considered more representative of field conditions than a ‘rigid’ base 
condition. 
- The effect of a ‘rest’ period after compaction was shown to have a large effect on the 
measured composite stiffness. 
- Boundary effects are shown to affect composite stiffness measured with the plate tests. 
- The dynamic plate test measured stress sensitive behavior from the granular materials 
which makes comparison harder between different test methods. Therefore there is a 
need to ensure testing at consistent magnitude of stress,  
- The sandy gravel tested was found to be both moisture susceptible and be able to 
maintain negative pore water pressures. This had a large effect on both its stiffness and 
strength behavior. 
- The changes in water content post installation have important consequences for 
achieving site target values in a performance specification. 
- To extend this work it is realised further controlled field trials and laboratory tests are 
required to extend the database of results and provide controlled validation of the test 
methodology, this should include wetting and drying of the materials in-situ. 
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TABLE 1 Field test data from compaction field trials in the United Kingdom 
Site Material Layer Thickness ρdry Ecomp DCP 
No Description Type mm Mg/m3 MPa % CBR
1 Glacial till 
Granodiorite 
Subgrade 
Sub-base 
- 
280
- 
1.99
2.06
2.09
2.08£ 
16-44$ 
38*$
48*$ 
38*$ 
128*$£
3-3.5 
17
24
30
>30£ 
2 Mercia 
Mudstone 
Subgrade - - 13-19$ 5-6 
 Granodiorite 
(40mm down) 
Capping 450 
300
150
1.60-1.69 
1.60-1.69 
1.60-1.66 
32-37$
41-49$
35-44$
11
8
5
 Granodiorite 
(Type 1) 
Sub-base 150 
150
150
1.88-1.97 
1.91-1.98 
1.90-1.97 
47-52$
42-46$
30-36$
5
8
7
3 Very soft sandy 
silty clay 
Subgrade - - 19$ 2-6 
 Parphyritic 
Andesite (6F2) 
Capping 450 2.05-2.13 43-70$ - 
 Oolitic Lime- 
stone (6F2) 
Capping 450 1.96-2.04 62-67$ - 
 Parphyritic 
Andesite 
(40mm down) 
Capping 450 1.97-2.10 44-54$ - 
4 Mercia 
Mudstone 
Subgrade - - 37-65$ 15-100 
 Sand, gravel 
and limestone 
Capping 400 - 65-67$ 3-100 
5 Soft to firm clay Subgrade - - 12-57+ 10-21 
 Sandy gravel 
(6F2) 
Capping 250 
600
- 
- 
25-48+ 
35-192+
22-52 
37-105 
6 Mudstone (6F2) Capping 300-600 1.66-2.04 50-120+ 9-30 
7 Crushed 
concrete with 
5% rubble 
(6F2) 
Capping 395 
285
1.68-1.85 
1.64-1.86 
151-163+ 
119-209+
45-65 
17-23 
Notes: 
DCP = Dynamic Cone Penetrometer         CBR = California Bearing Ratio (% CBR) 
Ecomp = Composite stiffness (MPa)         ρdry  = Dry density (Mg/m3) 
* = Backcalculated layer stiffness              $ = Falling Weight Deflectometer            
+ = Portable Dynamic Plate Test               100kPa contact stress applied  
£ = With artificial subgrade 
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TABLE 2 Laboratory tests data upon the soft substrate condition 
Material Thickness ρdry WC Ecomp DCP Impact H
Description mm Mg/m3 % MPa  % CBR IV 
Stiff Base 
Soft Base 
- 
- 
- 
- 
- 
- 
200
40
- 
- 
- 
- 
Crushed 
Concrete 
(6F2) 
450 1.60 8.5 36-41 (6%) 18-23 23 
Mudstone 
(6F2) 
450 2.00 8.0 36-87 (37%) 59-63 5 
Sandy gravel 
(6F2) 
100
200
300
400
2.06
2.24
2.05
2.21
6.4
6.4
6.5
6.5
17-21 (7%)
12-42 (14%)
45-105 (38%) 
71-145 (31%) 
- 
23
45
54
6-12 
21-31 
22-56 
20-35 
Granodiorite 
(Type 1) 
100
200
300
400
2.39
2.44
2.43
2.43
4.2
3.9
4.0
4.2
13-17 (11%) 
18-28 (17%) 
31-51 (18%) 
18-35  (22%) 
- 
51
97
81
17-22 
38-47 
32-42 
26-33 
Notes: 
ρdry  = Dry density (Mg/m3)                        WC = Water content  
Ecomp = Composite stiffness (MPa)            (value) = Coefficient of Variance (%)
DCP = Dynamic Cone Penetrometer            CBR = California Bearing Ratio (% CBR) 
Impact H = Impact hammer                          IV = Impact value (x10g = ms-2) 
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FIGURE 1 Particle size distribution for laboratory samples. 
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(a) 
(b) 
FIGURE 2 Laboratory test apparatus (a) set-up schematic, (b) mould with 
portable dynamic plate test and test positions labeled.
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FIGURE 3  Composite stiffness on each compacted layer versus 
test position, (a) stiff base condition, (b) soft base condition. 
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ABSTRACT: 
The current UK pavement foundation design process is based upon the California 
Bearing Ratio, coupled with a ‘method’ specification based on past experience and 
proven performance. This provides an empirical indicator of adequate performance but 
limits the use of materials. This restricts the wider use of marginal and 
recycled/secondary aggregates necessary to achieve sustainability targets. Additionally 
there is a move towards analytically based pavement design, based upon the 
fundamental material performance properties of elastic stiffness and shear strength. 
Analytical design combined with ‘performance’ specifications, potentially allows any 
materials that are ‘fit for purpose’. This approach requires field measurements to 
confirm that the assumed design performance is achieved, performance data for design 
are required before the materials are used to ensure confidence in their likely behaviour. 
A large-scale laboratory assessment test has been developed to measure the 
performance of coarse granular (capping) materials. The test utilises devices  proposed 
to measure/check performance in the field, thus providing directly comparable results. 
This paper discusses the development of the laboratory performance test, its use and 
role in the wider context of the design process, and suggests areas where this test can 
help foster sustainable use of materials. 
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1. INTRODUCTION 
It is up to the pavement engineering industry to develop strategies to achieve the 
governments sustainability targets. Drivers for sustainability have made it necessary for 
industry to adapt its traditional processes to become both more efficient and produce 
less waste. The pavement industry has traditionally used primary quarried material for 
road foundation construction, and its empirical design and construction procedures are 
based around these materials. However, with a duty to preserve finite resources it is 
necessary to recycle and reuse more materials and limit the amount of waste. Therefore 
the design and construction procedures for road foundations requires changing to allow 
this to happen.  
Full analytical design of pavement foundations is difficult to achieve, however 
mechanistic-empirical design, which utilises data that describes the materials behaviour 
under loading to optimise foundation design, is a solution. Such an approach within a 
performance specification framework has been proposed for implementation. 
Additionally a move to ‘design and build’ forms of construction contract, whereby short 
and long-term construction risk is transferred to the constructor, also allows more 
potential innovation. To help achieve these changes tests that can measure material 
performance for design and to check compliance on site are required. 
This paper presents such an assessment test that has been developed to provide 
confidence in the performance of coarse granular materials during the pavement 
foundation design and material selection process. Coarse granular materials pose a 
problem for laboratory testing due to the large mass of samples required to ensure a 
representative sample. The test developed provides a means to understand a materials’ 
properties under appropriate conditions. It highlights important issues such as material 
preparation, test boundary conditions and material moisture susceptibility which all 
affect the results measured.  
The paper details the background for pavement foundation design and the drivers, from 
a sustainability view that require changes to the design process. The performance 
criteria that need to be assessed are detailed, as well as current methods to assess them. 
It goes on to explain the need for comparable material test data to link between 
laboratory and field derived values. The requirements for such a test are then defined 
and a proposed laboratory based test that meets these is described. The paper concludes 
by briefly describing other applications where such material testing could prove useful. 
2. BACKGROUND AND THE PAVEMENT DESIGN PROCESS 
2.1 Pavement foundation function 
A flexible pavement consists of two main sections, the foundation made of granular 
layers (or stabilised materials) and the structural bound layers. In UK pavement design 
the foundation comprises the subgrade, a capping layer (if required to protect a weak 
subgrade) and the subbase layer. The primary functions of the foundation layers are to 
provide a regular surface, a working platform to build the structural layers above, and to 
protect the exposed subgrade from the weather during construction, the foundation also 
functions as a temporary haul road during construction. The foundation is designed to 
distribute the loads applied by vehicles without distress of the foundation itself or to the 
underlying subgrade, both during construction and in-service. The vehicle loads applied 
to the foundation are highest during construction although the number of load 
4applications is much less. During service the magnitude of transmitted load is much 
lower but of a much higher frequency and number of load applications. 
2.2 Current design 
Pavement design and construction in the UK has developed largely from experience and 
observations made on a number of experimental roads integrated into the public 
highway network. The primary guidance for the design of foundations for flexible 
pavements is found within the Design Manual for Roads and Bridges 1, and is based on 
the California Bearing Ratio (CBR) test. 
The CBR design method has been the basis for pavement foundation design in the UK 
for many years. It provides a trusted empirical indicator of subgrade material condition 
and behaviour at set design conditions. Capping and subbase materials (currently 
described in 2) are typically selected granular materials designed to provide a CBR of at 
least 15% and 30% respectively at their top surface when placed and compacted using 
specified methods, to the required thickness indicated by the expected subgrade CBR, 
with material selection based on grading and durability requirements. However, the 
CBR test does not directly measure the fundamental material subgrade properties that 
affect pavement performance, namely material stiffness and resistance to permanent 
deformation (often indirectly inferred through a measure of material strength and 
plasticity). This means that the empirical CBR design approach requires use of closely 
specified materials and acts as a barrier to widening the scope of materials used. 
2.3 Sustainability
At present in the UK over 200M tonnes of rock material are quarried every year for use 
as aggregates, cement and other building materials 3. Approximately 70M tonnes of 
construction and demolition materials are disposed of in landfills per year, therefore 
there is an inefficient and unsustainable use/reuse of finite resources. The Waste and 
Resources Action Programme (WRAP) was created to support the Government’s aim of 
increasing the use of recycled aggregates in England to 60M tonnes per annum by 2011. 
Aggregate and landfill taxes have been introduced to promote the reuse of resources by 
taxing the use of primary quarried aggregates and waste disposal. In partial response the 
Highways Agency have provided guidelines on the use of some recycled/secondary 
materials within road foundations classified as 6F3 2, and road construction (foundation 
layers) and fill material now use 10M tonnes of recycled aggregates per annum. 
Therefore, there is a need to further foster material reuse in pavement construction, and 
Edwards (2003) 4 puts the emphasis on material selection based on performance, as a 
key area where advances and changes could be made to achieve this. 
Therefore, in order to use more recycled materials within pavement foundations a more 
flexible procedure is required to allow innovation, via an analytically based design 
approach, which is less prescriptive than the current design method. 
2.6 Analytical pavement foundation design 
For analytical pavement foundation design materials need to be fully described by their 
fundamental mechanical properties. For pavement foundations this requires suitable 
means to measure material properties individually and/or together in a composite 
structure in the laboratory and in-situ (in the field), to check the assured design values 
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have been achieved. Brown 5 suggested that a general approach for analytical design 
must include: 
1. A consideration of the loading and environmental conditions the pavement materials 
are to experience. 
2. Information on material types and layer thicknesses within the structure 
3. An analysis of the structure using the relevant mechanical properties of the materials 
4. A comparison of the critical design stresses and strains (see Figure 1) assessed from 
the analysis relative to those which the materials can safely withstand. 
5. A re-analysis of the structure to optimise design. 
The key material design parameters for this design approach are the elastic 
characteristics (for load spreading), namely the modulus of elasticity (E), and Poisson’s 
ratio (v) and an (accumulated) failure condition related to permanent deformation 
(assessed via an assessment of shear strength) (Figure 2). If these parameters can be 
measured then any material achieving the “acceptable” values could be considered for 
use in a pavement foundation.  
This design process allows optimisation of material properties for a ‘fit for purpose 
foundation’, however it is important to still account for risk within design by applying 
factors of safety. To achieve this approach, a specification is required to promote the 
best use of available resources. Such an approach needs suitable test methods in the 
field to validate the performance of materials to check design compliance. 
2.7 Performance specification  
In the UK a performance based specification for road foundations has been under 
development for a number of years 6. This has recently been taken forward by the 
Transportation Research Laboratory (TRL) to produce an interim revised design 
guidance for pavement foundations. This new specification requires a pavement 
foundation to achieve a series of target performance related parameters during 
construction, defined as limits within ranges set for different foundation design Classes 
7
. These include a target composite stiffness, (measured by a dynamic plate test), a 
minimum density and a foundation shear strength (assessed by a Dynamic Cone 
Penetrometer (DCP)). For further detailed information on the field tests available for the 
assessment of the performance of pavement foundations the reader is directed to 8.
The flowchart presented in Figure 3 is an extract from 7. It summarises the design 
method and the associated field testing regime to assure compliance.  Within this 
regime the composite stiffness (or surface stiffness) is defined as the stiffness resulting 
from deformation of two or more layers under an applied stress. That is, when testing a 
multi-layered system with constituent layers of varying stiffness the resultant deflection 
under the dynamic plate test is a composite reaction to the applied stress (Figure 2). 
Measurements of composite stiffness are to be made both on the formation layers and 
foundation surface, density is measured on the compacted layers only. Additionally, a 
limit for the surface rutting caused by construction traffic is included, so as to protect 
the subgrade from damage during construction of the overlying layers (Figure 4). It is 
intended that by defining quantifiable and measurable material performance parameters, 
6more flexibility in both choice of construction method and material is afforded to the 
constructor, and more assurance of the quality of the finished product is gained.  
The use of performance related parameters for specifying the adequacy of the “as built” 
construction requires a good knowledge of these parameters with regard to expected 
material behaviour and the influences on their measurement. Full-scale field trial 
sections are currently proposed in the new advice for large schemes to assure the 
suitability of proposed foundation materials 7. However if a wider range of new or 
recycled materials are to be allowed, a constructor will still need some assurance of 
likely material performance before trials to feed into the design process.  Therefore, it is 
also prudent to develop a routine, and economical laboratory-scale means to assess the 
performance and suitability of any potential foundation materials. 
3. TEST DEVELOPMENT AND METHODOLOGY 
3.1 Compatibility issues
For any test to assess the performance of materials subject to complex stress regimes, 
(as experienced under a rolling wheel) it is essential to ensure compatibility between the 
actual application of stress in service and the methodology for measuring performance.  
This requires any laboratory assessment test to use material samples that are 
representative of anticipated field conditions and material states. Additionally the 
confinement and stress state of any test samples affects composite stiffness and strength, 
thus these must also be comparable between the assessment test and the field. Therefore 
the compacted density, water content (moisture susceptibility) and method of 
compaction of any laboratory samples must be controlled. Compatibility is also required 
between the in service applied stresses and the methods of measuring performance. 
3.2 Test options
A number of laboratory tests already exist that can be used to assess the performance 
properties of granular materials. These element tests include the repeated load triaxial 
test 5, the K Mould 9 and the recently developed Springbox 10. However, in these tests 
the maximum particle size of suitable samples is generally restricted to 20mm, (or in the 
case of the Springbox, 40mm) to limit sample boundary effects. For larger particle sizes 
the test samples therefore need to be larger and tests become cumbersome and more 
difficult. In the UK, capping materials have a particle size limit of 125mm, and a 
maximum allowable test particle size of 40mm potentially excludes 25% of the sample 
(by mass) of a Class 6F1 (Fine) capping and as much as 55% of a Class 6F2 (coarse) 
capping 2.
In addition, in these element tests direct comparison of the results to field measurements 
of similar parameters is difficult, due to compatibility of boundary and imposed test 
stress conditions. These laboratory element test methods are thus considered unsuitable 
to routinely assess the behaviour of very coarse granular (capping) materials found in 
UK pavements. 
To assess very coarse aggregates it is considered necessary to use large test moulds 
which can contain a representative material sample and reduce any boundary influences.  
It has been suggested that a minimum ratio of sample to particle size of ten is 
appropriate 11. Tong and Baus 12 performed full-scale cyclic and static plate loading test 
in a large 4m2 by 3m deep laboratory test pit to investigate the mechanical properties of 
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unbound granular materials for road use. However, the very large volume of samples 
and the use of clay substrates (in this test) restricts the practicality of this approach as a 
routine and economical laboratory assessment test.  
3.3 Generic test requirements 
From the above it can be seen that any test developed to measure the performance 
parameters of large particle size granular material for analytical design must aim to 
provide comparable performance measurements of composite stiffness and strength 
between the laboratory and the field. A large test mould is deemed necessary to enable a 
representative sample of materials with particle sizes up to 125mm to be evaluated. The 
test mould should be rigid enough for the sample to be adequately compacted in layers 
to match field compaction. However, it must have appropriate boundary conditions to 
provide similar support and confinement to that expected in the field. The compactive 
effort used to compact samples should be comparable to that produced on site. 
Additionally an ability to simulate field water contents, drainage and environmental 
changes is desirable. Finally the test developed has to ideally be practical, relatively 
simple, routine and economic to perform.  
Therefore, a large resilient test mould into which materials can be compacted is 
proposed. Measurements of composite stiffness and strength should be made with the 
same devices that are suggested for performance evaluation in the field. This should 
provide an appropriate and representative test that meets most of the requirements 
detailed above. 
3.4 The Test  
The devised test utilises a large rigid steel mould of internal dimensions 1m x 1m x 
0.5m deep (Figure 5). It comprises controlled drainage points evenly spread about its 
base, to facilitate drainage, (a thin drainage layer using a 5mm thick rigid plastic geo-
drain, fitted with geotextile filter on both sides is installed between the base of the 
mould and the synthetic rubber layer to facilitate this, Figure 6). A synthetic rubber 
layer is used within the mould to create a reduced base stiffness condition. The stiffness 
of this rubber layer is aimed to simulate the stiffness of a typical subgrade. (The rubber 
has a surface hardness of between 40-50 IRHD0 and a density of 1.1Mg/m3). The 
rubber’s composite stiffness (within the mould) is approximately 40MPa measured by a 
dynamic plate test. A stiff base condition for comparison is provided by removing the 
rubber and using the mould base alone. (The mould base composite stiffness is 
approximately 200MPa measured by a dynamic plate test.)  
A large capacity mixer is used to facilitate wetting of samples to optimum water content 
prior to compaction. The material is installed in the mould in four layers of 100mm 
thickness. Compaction is performed using a 56kg electric vibrating rammer (Figure 5), 
with four “passes” for each layer, to correspond with the standard UK compaction 
specification 2. It should be noted that compaction of materials in the mould gave values 
of density similar to target dry density established from compaction tests.
3.5 Test method 
Dynamic or Static Plate bearing Tests are used for the composite stiffness determination 
(typical dynamic plate test devices are shown in Figures 7 and 8).  The plate tests 
typically measure a single deflection (indirectly via a velocity transducer) at the centre 
8of the bearing plate (or the ground through a hole in the plate) under a transient load 
pulse. Strength is assessed using the DCP and density assessed by conventional 
methods.  
The material compacted in the mould can be tested at a number of points as the 
individual layers are installed to provide a comprehensive understanding of the material, 
or it can be tested once the material is fully installed into the mould (Figures 6 and 7). 
The moisture susceptibility of the material being tested is assessed by wetting it through 
the surface after installation, then allowing it to drain. The composite stiffness and 
strength are re-measured upon wetting and then upon draining. Additionally the sample 
can be allowed to rest and re-tested before any subsequent layer is installed or 
construction operation is perfomed, to see any changes in stiffness over time, (typically 
24 hours). More detail about test setup, material preparation and test procedure can be 
found in 13.
4. VALIDATION OF THE TEST 
To validate the test four sample materials were tested in the laboratory. They were 
selected to represent marginal, recycled and standard unbound granular materials used 
within pavement foundations. A summary of the findings is presented below with an 
emphasis on assessing material composite stiffness behaviour, in the test. The presented 
results are for a sandy gravel (OWC 7%, max dry density 2.18 Mg/m3, particle density 
2.67 Mg/m3), which  produced results generally typical of the materials tested. To 
demonstrate comparability, these results have been briefly compared to results from 
field trials on a similar material.  The results of theses tests are all reported in more 
detail elsewhere 13.
4.1 Field and laboratory comparison 
In the laboratory the composite stiffness measured with the dynamic plate test on the 
synthetic rubber layer (soft base condition) was approximately 40MPa. This compares 
well with a typical subgrade stiffness measured in the field ranging between 12-57MPa 
13
.
Figure 9 shows the change in measured stiffness (Ecomp) between initial compaction 
and after a rest period for the sandy gravel as the layers were built up in the mould and 
then subsequently saturated and drained. The increase in Ecomp with layer thickness 
can be seen clearly as well as a reduction in stiffness with material saturation followed 
by a further increase after drainage. For the same thickness of granular material the 
composite stiffness measured in the laboratory test was seen to be similar to that of a 
similar sandy gravel compacted in the field (25-48MPa and 12-42MPa respectively, 
which shows the material to be in stiffness Class 1 from IAN 73 7). 
It is clear that there is some effect of allowing the sample to ‘rest’ following compaction   
The composite stiffness when re-measured and was found to have increased, (Figure 9). 
Although in-situ suction measurements were not made, an equalization of the stresses in 
the material is believed to cause this effect. This clearly has implications in the timing 
of assessment testing in the field following compaction.  
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4.2 The importance of boundary effects on tests 
Figures 10a and 10b show changes in composite stiffness with compacted layer 
thickness and test position in the box (Figure 7). For the very stiff base condition 
(Figure 10a) the relatively high composite stiffness of the base ‘masked’ the composite 
stiffness of the lower capping layers (the ratio of stiffness of the two materials is very 
high) and hence the base influences the results. It should also be noted that the stiffness 
progressively reduces with increasing thickness as more capping is added. This stiffness 
trend is similar to that observed by the authors in field trials 8, when granular type 1 
sub-base was compacted upon a stabilised subgrade, where the sub-base layer stiffness 
was lower and dominated the field composite stiffness measured. However, for the data 
presented in Figure 10a, the reduction in stiffness in the upper layers is greater than 
anticipated. This demonstrates that perhaps best use of the properties of well stabilised 
foundation materials to form capping has perhaps, until recently, been limited by the 
need to add extra layers above.  
With the soft base condition the ratio of Ecomp top of capping to subgrade was 
approximately 3:1 (i.e. 120MPa versus 40MPa). Elastic theory states that once the 
sample thickness reaches approximately 1.5 times the test plate diameter (i.e. 400mm), 
the effect of base composite stiffness reduces significantly. It is considered therefore 
that the rubber base lining is more representative of field conditions. However, it has to 
be considered that the rubber subgrade may have affected the capping layer response 
during compaction. The percussive type compaction on the steel base and relatively thin 
rubber, causes bounce of the base as the bottom layer is compacted. This manifests 
itself in the low stiffness result of the centre tests on the bottom layer (where the 
measuring device goes out of range on the lowest layer). This bounce effect reduces 
with the addition of further layers, and the readings on the upper layers are considered 
to be representative. For the upper layers in the soft base condition it is anticipated more 
particle reorientation is allowed during compaction of layers and consequently more 
confinement and better performance is assessed (in terms of stiffness) compared to the 
stiff base. However, it is difficult to prove these compaction effects as the compacted 
material densities achieved were very similar between the two substrate conditions, 
although this in part may be as density is an insensitive parameter.  
The significant change in properties at the boundary between the sample material and 
the side wall of the mould, affected the composite stiffness measured and this can be 
seen in Figure 10b. The stiffness measured in positions 1-4 where larger than those 
measured at the central position. It is thought the side wall reduces the amount of 
vertical material deflection during a dynamic plate test by offering frictional resistance 
in the vertical direction and reduced horizontal deflection (by maintaining good material 
confinement). Theoretically the bulb of stress under a dynamic plate test extends 
approximately 0.9 times the plate diameter horizontally from the centre-line of the plate. 
The bulb extends 270mm from the centre of a 300mm plate, the side wall will therefore 
influence the bearing plate when its edge is closer than 120mm. 
4.3 Wetting and drying 
Figure 9 shows the change of stiffness after wetting, it shows the sandy gravel material 
was clearly moisture susceptible following saturation as the samples composite stiffness 
reduces significantly. This, however, then improved when the excess water was allowed 
to drain from the material. Investigation of water content profile of the ‘as installed’ 
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material (excavated and the water content assessed following completion of tests) shows 
that during the draining phase the sample dries preferentially from the top (and hence 
that the greatest suctions occur here). 
The behaviour following wetting is an important issue for the field, for both measuring 
and achieving the performance targets. The performance measured on site should 
perhaps only be considered a ‘snapshot’ relating to the stress state in the material at the 
time of testing and should be assessed just before construction of the next layer, as 
changes to the materials may occur before placement of the next layer particularly if 
poor weather is encountered.  
5. IMPLICATIONS FOR MATERIAL ASSESSMENT 
The test has highlighted some key issues which relate to a material’s field performance. 
It is essential that a material’s water content is carefully controlled to be as close to 
target water content as practical. Excess water during compaction causes a significant 
reduction in performance. Should this excess water not be drained from the compacted 
structure then the pavement foundation and potentially the subgrade will be susceptible 
to permanent deformation. Constructed unbound layers should also be protected from 
weathering perhaps by the inclusion of a sacrificial layer or immediate construction of 
the next layer above. (A sacrificial layer can be removed prior to construction of the 
next layer.) 
Efficient drainage within completed pavement foundations is very important in ensuring 
the long term performance of a pavement. This study found a reduction in composite 
stiffness following saturation of granular materials. Should water saturate the unbound 
materials, greater permanent deformation of the foundation could be expected to occur, 
and potentially through the whole structure, due to a reduction in the load spreading 
ability of the foundation. The excess water would effectively cause the granular 
materials properties to become substandard compared with the initial design, thus a 
pavement may become under-designed.  
When adopting a performance specification for materials the timing of pavement 
assessment is critical. The stress state in the material is sensitive to the effects of 
compaction, (equalisation of stresses), and stress changes as a result of saturation. These 
implications make it important that the material is assessed just before construction of 
the next layer to insure representative performance. 
6. TEST USE 
From test results, materials may be deemed acceptable relative to target values from a 
performance specification, (i.e. Type approval within a material class), or they can 
provide indicators of expected field stiffness and strength performance for use in design. 
Additionally, information on material moisture susceptibility and stress dependency can 
give guidance on performance which is important when considering field behaviour.
Therefore, the test developed is very versatile and can be used by many parties, for 
example by a constructor during material selection to choose a number of potential 
materials for field trials, or by a material supplier to indicate a materials acceptable 
behaviour. The test can also be used for research purposes such as providing controlled 
test beds for test apparatus comparison, evaluation, and compliance calibration.  
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The use of the test is not confined to road pavements. Where any selected material is 
required to provide a foundation such as in floor slabs, heavy duty paving, airfields, 
railways etc, the test could be used to indicate likely material performance. 
7. CONCLUSIONS 
- There is a need to use more recycled materials in pavement construction and produce 
less waste. 
- More flexibility in pavement design, specifications and construction procedures are 
required that allow more innovative use of materials to help achieve government 
sustainability targets. 
- Mechanistic-empirical design coupled with a performance specification, potentially 
allows a wider range of materials, including recycled and secondary aggregates to be 
used. 
- Key material performance parameters of composite stiffness and strength have been 
identified as required for analytical design and compliance assessment of completed 
foundations on site. 
- There is need for a laboratory based test to routinely and efficiently assess the 
performance of coarse granular materials to provide information to feed into a 
performance based design. A laboratory scale test has been produced that helps provide 
this information. 
- The ‘soft’ base boundary condition used in the test is effective for compaction of the 
granular materials and was considered to be representative of the field condition. 
- The inclusion of a ‘rest’ period after compaction has shown to have a large effect on 
the measured composite stiffness. 
- The test developed provides an assessment tool potentially capable of indicating a 
materials stiffness, strength and moisture susceptibility and provides data that can be 
used in design and in the field, to allow an appreciation of likely performance or assess 
compliance values or potential pavement foundation materials. 
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Figure 1, Critical stresses and strains in a flexible pavement design
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Figure 2 Pavement foundation structure during construction 
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Figure 3, Summary flowchart of the new Highways Agency pavement foundation 
interim performance design and specification approach 
(After IAN73/06, 2006)
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Figure 4, Substantial rutting to a foundation layer during construction 
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Figure 5, Electric rammer used for compaction in the laboratory
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Figure 6 Laboratory material test apparatus (schematic)
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Figure 7 Laboratory test apparatus mould with portable dynamic plate test and 
test positions labelled
20
Figure 8 Two different portable dynamic plate tests in use in the field.
(the Prima above, the German Dynamic Plate (GDP) below) 
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Figure 9 A summary of composite stiffness for the sandy gravel (soft base 
condition), illustrating effect of ‘rest’ following compaction
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Figure 10  Composite stiffness on each compacted layer versus 
test position, (a) stiff base condition, (b) soft base condition 
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4LIST OF ABBREVIATIONS 
A  Plate rigidity factor ( π/2 for rigid plate)
AV  Percentage air voids (%) 
CBR   Californian Bearing Ratio (%) 
d  Deflection (mm) 
dv  Deflection on loading curve (mm) 
do  Recovered deflection on unloading curve(mm) 
dρ   Dry density (Mg/m3) 
ρw   Density of water (Mg/m3) 
DCP  Dynamic Cone Penetrometer 
DPT  Dynamic Plate Test 
Ecomp  Composite Stiffness (MPa) 
Ev1  Stiffness modulus of first loading cycle (MPa) 
Eo1  Stiffness modulus of first unloading cycle (MPa) 
Ev2  Stiffness modulus of second loading cycle (MPa 
Eo2  Stiffness modulus of second unloading cycle (MPa) 
g  Gravity  
IV   Impact Value 
MBinstall  Bulk mass of sample at installed wc (kg) 
MBnatural Bulk mass of sample at natural water content (kg)
Ms   Mass of solid (kg) 
MWA   Mass of water to be added (kg)  
owc   Optimum water content (%) 
P  Applied stress (kPa) 
R   Plate radius (m) 
SG  Specific Gravity (%)       
ν   Poisson’s ratio  
wc   Water Content (%) 
winstall  Installed water content (%)  
wnatural  Natural water content (%)   
wsat  Saturated water content at 0% air voids (%) 
wtarget   Target water content (%)  
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1.0 SCOPE 
This test aims to measure the engineering properties of capping materials at material 
selection stage for acceptability in a road foundation. This test is suitable for (coarse) 
granular capping and unbound marginal/recycled materials. The tested sample size is 
sufficient to incorporate the full range of material particle sizes (i.e. up to 125mm – the 
currently specified maximum).  Dynamic or Static Plate bearing Tests are used for the 
elastic stiffness modulus determination.  The strength is assessed by the Dynamic Cone 
Penetrometer and density by conventional methods. The material may be deemed 
acceptable, i.e. Type Approval, or provide indicators of expected performance in the 
field.  
2.0 DEFINITIONS 
2.1 Composite stiffness  
A composite stiffness is defined as the stiffness resulting from deformation of two or 
more layers under an applied stress. That is, when testing a multi layered system with 
constituent layers of varying stiffness the resultant deflection under the plate test is a 
composite reaction to the stress applied through the bearing plate. The stiffness 
measured is calculated from the following equation. 
Ecomp = 
d
)ν(1RPA 2−⋅⋅⋅
 (MPa)       
 (1) 
Where:- A  is plate rigidity factor ( π/2 for rigid plate)   
P  is applied stress (kPa) 
  R  is plate radius (m)       
ν  is poisson’s ratio   
d  is deflection (mm) 
2.2 Dynamic Plate Test 
The Dynamic Plate test measures a single deflection (via a velocity transducer) of a 
bearing plate or the ground under a transient load pulse, and the derived stiffness is 
termed a ‘composite’ stiffness (Ecomp). The acceptable portable devices can typically 
apply a stress of up to 150kPa over a period of approximately 20 milliseconds, via a 
300mm diameter bearing plate typically. The deflection range is 0 – 2.2mm, with a 
precision of 2% +/- 0.002mm. The pressure bulb depth (zone of influence) created as a 
result of the contact stress is equal to approximately 1.5 to 2 times the bearing plate 
diameter and so the composite stiffness measured may be a combination of the stiffness 
response of more than one material in a layered road foundation structure dependent on 
the construction detail. 
2.3 Dynamic Cone Penetrometer 
The in-situ strength is measured using the 8kg Dynamic Cone Penetrometer (DCP), 
expressed as a CBR value (BS 5930: 1999). 
62.4 Impact Hammer 
The Impact Hammer is a useful simple and portable tool used to assess indirectly and 
control the compaction of granular soils in the field. It measures the maximum 
deceleration of a 4.5kg mass 50mm diameter cylindrical hammer, falling through 
450mm to impact the surface of the material under test. An Impact Value (IV) is 
recorded in multiples of 10 gravities (g) of acceleration (i.e. 1 IV=10g). The IV reflects 
changes in the near-surface strength and density of the compacted material and is used 
in lieu of a direct in-situ density measuring device, and to compare between the 
laboratory and field. 
3.0 LABORATORY DETERMINATION OF CAPPING SUITABILITY AND 
BEHAVIOUR 
3.1 General - test philosophy 
The purpose of this test is to install a capping material in the laboratory and determine 
its engineering properties and suitability as a road foundation material. The engineering 
properties of interest are stiffness and strength. A large test mould is required for a 
representative sample of the material to be evaluated (with particle sizes up to 125mm). 
The compaction method and effort should be similar to that on site. 
Two test strategies are described termed the Standard Test, where material installed is 
measured as a whole, and the Advanced Test where a more in-depth series of tests are 
performed on each of the installed layers. The flow chart in Figure 1 presents the 
fundamental differences between to two tests. Both of these assess the moisture 
susceptibility of the sampled material by saturating it following installation and then 
allowing drainage. The composite stiffness and strength are re-measured upon 
saturation and then upon draining. It is most appropriate to test the material initially at 
the optimum water content, assuming this is the target water content on site. 
3.2 Apparatus 
3.2.1 test mould  
A large rigid steel mould of internal dimensions 1m x 1m x 0.5m deep is required, see 
Figure 2. The mould must be stiff enough for the sample to be compacted and tested 
within it. A base stiffness of more than 200MPa is recommended measured with a 
Dynamic Plate Test. It must have drainage points evenly spread about its base to allow 
drainage of water. The drainage points should be fitted with either taps or rubber plugs 
in order to control the drainage. 
3.2.2 synthetic substrate 
A synthetic substrate layer is used within the mould to create a reduced base stiffness 
condition, see Figure 2. The stiffness measured directly on this layer should be similar 
to the conditions found on the site. A synthetic rubber should have dimensions of 0.95m 
x.0.95m plan and 20mm nominal thickness with a density of approximately 1.1kg/m3. 
The surface hardness should be between 40-50 IRHD0 and a static stiffness of 
approximately 15MPa. The rubber layer was not perforated, however perforation may 
aid drainage.. 
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3.2.3 drainage layer 
A thin drainage layer is necessary between the base of the mould and the synthetic 
substrate (if used) to facilitate drainage of the installed sample. A 5mm thick geo-drain 
fitted with geotextile filter on both sides is suitable of dimensions 0.99m x 0.99m.  
3.2.4 sample preparation equipment/standards 
3.2.4.1. particle size distribution test (BS 1377-2: 1990) 
3.2.4.2. water content (BS 1377-2: 1990) 
3.2.4.3. specific gravity (BS 1377-4: 1990) 
3.2.4.4. vibrating hammer compaction test (BS 5835-1: 1980) 
3.2.4.5. a large capacity drum mixer. The capacity of the mixer should be 50kg or 
larger. 
3.2.4.6. a vibrating rammer ideally suitable for indoor use i.e. electric rammer. 
3.2.4.7. two large impervious sheets approximately 2m2 (one to cover material being 
prepared and one to cover compacted sample in the mould) 
3.2.4.8. weighing scales suitable for measuring 50kg range to an accuracy of 0.001kg,
3.2.4.9. 1m Straight edge and 1m steel rule to an accuracy of 1mm to measure sample 
thickness. 
3.2.5 testing requirements 
3.2.5.1. Dynamic Plate Test, No British Standards exist, for a review of test devices see 
Fleming et al. (2000) 
3.2.5.2. Dynamic Cone Penetrometer (BS 5930: 1999) 
3.2.5.3. Impact Hammer (Trevor Deakin Consultants LTD, 1990) 
3.2.5.4. Static Plate Test (BS 5930: 1999) consisting a reaction frame, hydraulic jack, 
load cell, 3 dial gauges readable to 0.01mm (inc. magnetic stands and support frame) 
and a 300mm bearing plate. 
3.3 Classification and test material preparation 
3.3.1 classification tests 
A suite of standard classification test are required for each sample material. The tests 
are necessary for determining how the sample will be prepared. The following tests are 
required including; Particle Size Distribution, Water Content, Vibration Hammer 
Compaction Test, and Specific Gravity. The tests are required to be performed to the 
British standards mentioned in Section 3.2.4. 
3.3.2 test material preparation 
A flow diagram in Figure 1 shows the essential steps to prepare and install the test 
sample. The preparation of the sample to appropriate wc is described in this section.
The sample material is prepared to achieve optimum water content, assuming this is the 
target water content. The mass of sample required can be indicated by use of the 
compaction curve data. At the target water content the dry density and hence bulk 
density can be determined. For the target water content the mass of sample for the 
whole test (and each layer) can then be estimated from the bulk density. For example, 
given a bulk density of 2.4Mg/m3 the mass required to achieve a compacted layer 
8thickness of 100mm in a 1m2 mould would equal 240kg (at the target water content, 
wtarget). This is assuming the compactive effort achieves the same density in the large 
test mould as in the smaller compaction test. 
Given a test sample mass required for each layer, and the target water content, the 
sample can be prepared. If the sample is to be installed at the natural water content 
(wnatural) then the mass required for the layer should be weighed out plus approximately 
10kg extra for water content measurement. 
If the sample is to be installed at a water content drier than wnatural the mass required 
should be weighed out including approximately 20kg of sample for two to three water 
content measurements. The sample should then be spread out in the laboratory and air 
dried until the desired water content is achieved. The sample should be mixed manually 
prior to water content sampling and measurement to ensure thorough mixing so that a 
representative value is measured for the whole sample. 
If the sample is to be installed at a wetter water content than wnatural then the mass of 
water to be added (MWA) to the sample to achieve wtarget can be calculated.  
MWA = ((wtarget-wnatural)/100) x Ms       (2) 
Where mass of solid (Ms). 
Ms = dρ  x volume of layer x 1000       (3) 
Where:- MWA   is mass of water to be added (kg) 
wnatural   is natural water content (%)  
wtarget   is target water content (%) 
Ms   is mass of solid (kg)     
dρ   is dry density (Mg/m3) 
A large capacity drum (or similar) mixer is required to mix the large masses of material 
required for each layer which typically comprise 240kg of sample. If the capacity of the 
mixer is not sufficient then the material will need to be mixed in batches. Six batches 
would be necessary given a mixer with a working capacity of 40kg, for example. 
The MWA should be evenly distributed amongst the batches of material. It is 
recommended that the mixer is lightly wetted prior to mixing to reduce the loss of water 
that is added to the sample. Each batch should be taken from the pile of sample at 
wnatural for the layer, placed in the mixer and add mass of water for the batch. The batch 
should be mixed until evenly wetted and then poured into a pile separate from the 
material at wnatural. Once all the batches have been mixed in the large mixer they should 
be manually mixed to ensure the batches are mixed together. A water content sample is 
then taken from the wetted sample. The wc measured for the sample should be between 
+/- 0.5% of wtarget. Should the wc be wetter than wtarget limits then the sample should be 
allowed to air dry until within these limits. If the sample is drier that the wtarget limits 
then the mass of water to be added (MWA) to the sample to achieve wtarget must be 
calculated and mixed in as above. When the wc of the sample is within the wtarget limits 
then the sample is ready for installation. 
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3.4 Checking and preparation of apparatus 
All apparatus must be in good working condition with limited wear or defects and 
calibrated as recommended by the manufacturers. 
The Dynamic Plate Test device should be regularly checked upon two or more 
consistent and repeatable surfaces of varying stiffness with a log taken of the results. 
The underside surface of the bearing plate must be free of dirt to ensure a full and even 
surface contact can be made. 
Apparatus used for the Static Plate Test should be regularly calibrated. The load cell 
should be calibrated as recommended by the manufacturer. The structural integrity of 
the reaction frame should be suitable for the 10KN force applied through the jack with 
limited deflection. The surface of the bearing plate must be free of dirt to ensure a full 
and even surface contact can be made. 
The Impact Hammer should be regularly checked for performance upon the calibration 
ring following manufacturers guidelines. 
The Dynamic Cone Penetrometer must be assembled as prescribed by the manufacturer 
ensuring that all the joints are locked hand tight. 
The test mould should be situated on an even floor with no rocking or tilting permitted. 
The internal dimensions should also be checked and the internal volume specified. The 
mould should be water tight. The drainage points should be fully functional, i.e. taps 
attached should work properly and rubber plugs used be water tight, and removable 
when necessary.  
3.5 Preparation of test specimen 
3.5.1 material preparation 
The sample being tested should be installed in layers. The thickness of each layer is 
dependant on the maximum particle size of the sample. As a guideline the layer 
thickness should be at least 1.5 times the maximum particle size. In general the layer 
thickness will be between 100mm to 150mm. The following procedures should be 
followed for each layer installed (as Figure 1). 
The loose sample should be placed in the box and spread to produce a level surface. It is 
necessary to carefully distribute the material avoiding segregation of particles. It may be 
necessary to smooth the surface, using a shovel or inverted rake, whilst ensuring that the 
larger particles remain evenly distributed across the surface. 
3.5.2 compaction 
In order to maintain the level and evenness of the surface some light manual pre-
compaction is recommended using a hand tamper. Two passes are sufficient. A tamper 
of approximately 15kg mass and footprint area of 0.05m2 or similar is suitable. 
The sample is to be compacted to a similar level of compaction as would be experienced 
under field conditions. The compaction method should be suitable for use within the 
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laboratory, or means for transporting the test box out doors to be compacted. It is 
recommended that an electric vibrating rammer of 56kg mass is used. 
The number of passes required to achieve suitable compaction can be obtained from 
Table 6/4 of the MCHW (2004) for the material type, layer thickness and mass of the 
compaction device. A 56kg rammer is specified as 4 passes on a layer of thickness no 
greater than 110mm. 
It is recommended that the sample is compacted on a path following an inward spiral in 
the first instance, followed by an outward spiral with limited footprint overlap. A final 
light pass with the hand tamper may be necessary to reduce any unevenness to the 
surface. Observations of particle degredation during compaction should be noted. 
The top surface of the capping material should be covered by an impermeable plastic 
sheet to ensure that evaporation is prevented of the samples moisture, prior to 
installation of the next layer. 
3.5.3 measurements 
The following measurements should be made or calculated for each layer and for the 
final material thickness; sample mass, sample wc, layer level and thickness, and 
estimation of density for the layer and final material thickness. Room temperature and 
humidity should be noted. 
The mass of sample for each layer should be measured prior to installation to an 
accuracy stated in Section 3.2.4.8. 
The water content samples taken should be measured to an accuracy of 0.001kg, BS 
1377 Part 2 (2004). Sample size should be 3kg or larger. Samples taken from the 
compacted material should be taken from positions around the sides of the box to limit 
disruption to the test surface. 
The depth of the empty box should be measured using a 1m steel rule readable to 1mm 
accuracy with a straight edge providing a reference line. The straight edge should be 
placed across the top of the mould with the depth measured downwards from it’s edge 
to the base.. The depth should be measured from at least nine evenly spaced positions in 
a grid across the base of the box. The positions should be at least 150mm from the sides 
of the box. The depth should be re-measured with the drainage layer and synthetic 
substrate installed. The depth to the top of the artificial substrate is the reference point 
for calculating the thickness of the capping layer installed above it. The thickness of a 
layer of compacted capping material can then be calculated by measuring the depth 
from the straight edge to the surface of the layer and subtracting it from the depth to the 
top of the substrate. 
Once a layer has been installed the next step is dependant on the test-type, for guidance 
see Figure 1.  
3.6 Test procedure 
The following test procedure is suitable for both Standard and Advanced Test. 
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3.6.1 test methods and analysis  
3.6.1.1 Dynamic Plate Test 
The composite stiffness of the synthetic substrate and drainage layer is measured before 
installation of the sample. The composite stiffness is measured immediately after 
compaction. The composite stiffness is then re-measured approximately 24hours later. 
This is so that changes in composite stiffness resulting from pore pressure equilibrium 
can be assessed. The Dynamic Plate Test is performed using a 300mm diameter plate 
with the geophone protruding through the centre of the plate. The device is placed on a 
test position ensuring good surface contact, three pre-compaction drops at 100kPa are 
applied to seat the plate firmly. Then three drops are applied at 100kPa. The average 
stiffness (using equation 1) from the three drops is used to express the mean composite 
stiffness of the position.  
3.6.1.2 Static Plate Test 
The Static Plate Test is performed on the final layer. Stress is applied by a hydraulic 
ram through a 300mm diameter bearing plate. The sample is stressed at intervals of 
25kPa up to 100kPa. The resultant deflections are measured by 3 dial gauges (or 
similar) spaced evenly around the edge of the bearing plate. The deflection at each 
stress is recorded once the difference between readings at 60 second intervals is less 
than 0.02mm. The stress is then released and the sample is allowed to recover. Two 
cycles of loading and un-loading are applied. The stress versus deflection can then be 
plotted. The mean deflection is calculated from the three dial gauge measurements at 
each stress. The data can then be analysed using equations 4-7 
Ev1 = 
vd
RPA ⋅⋅
   (MPa)       
 (4) 
Eo1 = 
o
2
d
)ν(1RPA −⋅⋅⋅
  (MPa)        
 (5) 
Ev2 = 
vd
RPA ⋅⋅
   (MPa)        
 (6) 
Eo2 = 
o
2
d
)ν(1RPA −⋅⋅⋅
  (MPa)       
 (7) 
Where: Ev1 is stiffness modulus of first loading curve (MPa) 
  
Eo1 is stiffness modulus of first unloading curve (MPa) 
  Ev2 is stiffness modulus of second loading curve (MPa 
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Eo2 is stiffness modulus of second unloading curve (MPa) 
A  is plate rigidity factor ( π/2 for rigid plate)   
P is applied stress (kPa) 
  R  is plate radius (m)       
ν   is poisson’s ratio   
dv is deflection on loading curve (mm) 
do is recovered deflection on unloading curve(mm) 
3.6.1.3 Dynamic Cone Penetrometer 
The Dynamic Cone Penetrometer (DCP) test is performed in accordance with BS 5930: 
1999. A CBR value is calculated from the relationship between the cone type and 
mm/blow. To determine a mean CBR value from a test the first and final 50mm of data 
are excluded.  
3.6.1.4 Impact Hammer 
The Impact Hammer test requires four drops of the 4.5kg hammer down the guide tube. 
An Impact Value (IV) is recorded manually for each drop, the fourth value is the 
locations IV reading. Three tests are performed at each test location as shown in Figure 
3.
3.6.2 test order and location 
The test order is important to minimise sample disruption. The Stiffness measurements 
are made before the strength readings. The DCP is an intrusive test, test locations 
should be performed offset from the foot print of the plate test (see Figure 3). One DCP 
test is performed for each layer tested. A recommended test order is shown in Table 1, 
Table 1 Recommended test order and test location summary 
Test Description Test Location 
1 2 3 4 Centre 
Initial test following compaction      
Dynamic Plate test     
      
Repeat test after 24 hours      
Dynamic Plate Test     
Static Plate Test (final surface)     
Impact Hammer     
DCP See Figure 3 for test location 
The Impact Hammer test should be performed three times at each test location in order 
to determine local variations and an average. The tests should be performed in a 
triangular configuration as shown in Figure 3. 
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On the final surface a similar strategy should be adopted however a Static Plate Test 
should follow the dynamic Plate Test for the repeat test phase (see Table 1). 
3.6.3 water susceptibility 
To assess the water susceptibility of the sample water is added to the installed capping 
layer to achieve full saturation. As a useful guide to achieve full saturation the mass of 
water should be calculated. The mass of water to be added to the capping sample is 
based on the difference between the installed wc and the wc at 0% air voids for the dry 
density achieved.  The water content at 0% air voids (wsat) is calculated using Equation 
8.
wsat = Gs
d
Gsw 1−⎟⎟
⎠
⎞
⎜⎜
⎝
⎛ ⋅
ρ
ρ
         
 (8) 
Where:-  
wsat saturated water content at 0% air voids (%) 
  ρw  density of water (1Mg/m3) 
SG specific gravity (Mg/m3) 
ρd  dry density (Mg/m3) 
The mass of water to be added to the installed material (MWA) to achieve full 
saturation is calculated using Equation 9. 
MWA = ((wsat-winstalled)/100) x Ms       
(9) 
Where mass of solid (Ms). 
Ms = MBinstalled  / (1+(winstalledl/100))       
 (10) 
Where:- MWA   is mass of water to be added (kg) 
winstalled  is installed water content (%)  
wsat   is saturated water content at 0% air voids (%) 
Ms   is mass of solid (kg)     
MBinstalled is bulk mass at installed water content (kg)  
  
The air void created by the drainage layer should be calculated and corrected for. The 
volume occupied by the 5mm drainage layer (0.99m square and 0.005m thick) is 0.0049 
m3 approximately assuming it was solid or equivalently 4.9kg of water (assuming 
incompressible). Assuming 2/3 of this volume was solid then 1.63kg of water would 
freely occupy the space when the sample was saturated and the water had percolated to 
the base. Therefore this mass of water should be added to the MWA calculated in 
Equation 9. 
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The water should be added carefully by sprinkling the water onto the surface of the 
capping material avoiding disturbance of any fines. Once the water has dissipated into 
the capping material a sample should be taken to measure the wc. The wc measured 
should be +/- 0.25% of wsat or water should be added to achieve wsat.
The performance tests should be repeated as per the final layer. The drainage points 
should then be opened measuring the discharged water volume against time. The 
surface should also be left exposed to allow drying. A composite stiffness test should be 
made on all five test locations every 24 hours, and a wc sample taken. This process 
should be repeated for five days or until the wc is less than 1% of owc, which ever 
occurs first. The assessment tests (performed on the final layer at winstalled and wsat) are 
then repeated. A second cycle of wetting and drying may be performed. 
3.7 Test report 
3.7.1 Standard Test 
The standard data sheet (Table 2) can be used to record the Standard Test data. The 
standard test data summarises the performance characteristics of the whole capping 
sample. 
The data sheet can also be used when performing an Advanced test. The results for each 
layer can be input and summarised on the next data sheet, see section 3.7.2 
3.7.2 Advanced Test 
This data sheet (Table 3) is used to summarise the more detailed test data whereby the 
performance of each layer is measured. This sheet would be used in conjunction with 
the data sheet presented in 3.7.1 to summarise the data further for all the layers 
3.7.3 result interpretation 
Suitable capping layers should achieve a minimum stiffness modulus of 40MPa and 
DCP inferred CBR of 30% in accordance with UK Highway Agency Draft Performance 
Specification for Pavement Foundations. It is suggested the ‘as installed’ material 
should achieve this, especially at a thickness of 400mm. The water susceptibility results 
may suggest the material requires careful on site management and protection if it shows 
significant reduction in strength and stiffness upon saturation. 
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Table 2: Data sheet for the Standard Test  
Layer 1   Air void content         %   
Mass of sample kg   Sample water content  % 
  
Sample thickness mm   Sample Dry Density    Mg/m3 
  
Layer 2   Air void content         %   
Mass of sample kg   Sample water content  % 
  
Sample thickness mm   Sample Dry Density    Mg/m3 
  
Layer 3   Air void content         %   
Mass of sample kg   Sample water content  % 
  
Sample thickness mm   Sample Dry Density    Mg/m3 
  
Layer 4  Air void content         %
  
Mass of sample kg   Sample water content  % 
  
Sample thickness mm   Sample Dry Density    Mg/m3 
  
Position 
STIFFNESS 1 2 3 4 Centre Mean 
Dynamic Plate Test MPa             
Repeat test after 24 hours        
Static Plate Test MPa             
STRENGTH 
DCP CBR             
Impact Hammer CIV             
Material Classification 
Material Description 
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Table 3: Data sheet for the Advanced Test 
Test Number = 
Layer Average Value +
Device Base 1 2 3 4
Fully 
Saturated Dried 
STIFFNESS:               
DPT Ecomp  n=  n=  n=  n=  n=  n=  n= 
Mean (MPa) 
St Dev (MPa) 
CoV (%) 
Static Plate 
E01 (MPa) 
Ev2/Ev1 
STRENGTH: 
Impact 
Hammer I.V.  n=  n=  n=  n=  n=  n=  n= 
Mean I.V. 
St Dev I.V. 
CoV (%) 
DCP (CBR) 
Mean (%) 
St Dev (%) 
CoV (%) 
Dry Density               
(Mg/m3)   
Air Void (%) 
WC (%) 
Note
N
= Number of test/data 
points     Ecomp = Dynamic Plate Tests from 100kPa 
(+/- 10kPa) applied contact stress 
- = No data available. 
    DCP 
(CBR) 
= Average of data excluding upper and 
lower 50mm due to confinement and
boundary effect 
COV = Coefficient of Variance 
    Impact 
Hammer IV = Impact Value (x10g = ms-2) 
+ = to 1% below optimum water content 
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Figure 1: Sample preparation Flow diagram 
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Figure 2: Test Set-up 
Figure 3. Test Locations 
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Classification Test Results 
wnatural 4.5          % dρ 2.17    Mg/m
3 
OWC 6.0          % ρ bulk at owc 2.30    Mg/m3 
Test Specification 
OWC 6.0          % Total Layer Thickness 400          mm
wtarget 6.0          % Individual Thickness 100          mm
Mass of Sample Required For Layer 
Mass of Solid Ms = dρ * volume of layer * 1000 217.00        kg
Bulk Mass of 
Sample at wnatural 
MBnatural = Ms x (1+(wnatrural/100)) 226.77        kg
N.B. Add 20 kg for moisture content sampling 247.00        kg
Intermediate processes as Figure 1 
• Weigh out mass of sample 
• Measure wnatural in the oven
• Calculate mass of water to be added (MWA) 
Mass of water to be added for each layer 
Mass of water to 
be added 
MWA = ((wtarget – wnatural)/100) x Ms  3.26          kg
Intermediate processes as Figure 1 
• Add water to sample evenly and allow wc to equalise 
• Measure wc in the oven
• If  wc +/- 0.5% of wtarget continue as Figure 1
• Weigh out material for layer = MBnatural + MWA =                         230kg
• Continue as Figure 1 
Sample Saturation – Calculation of wsat
ρ water 1.00  Mg/m3 Gs 2.65    Mg/m3 
dρ 2.17  Mg/m
3 wsat ?                 %
Saturated wc Wsat
=  
Gs
d
Gsw 1−⎟⎟
⎠
⎞
⎜⎜
⎝
⎛ ⋅
ρ
ρ      8.4              %
Mass of water to be added to achieve Saturation 
Mass of water to 
be added 
MWA = ((wsat – wtarget)/100) x Ms  5.33         kg 
Figure 4. Example Sample Preparation Calculation Sheet
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